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ABSTRACT

The commercial production of low-cost semiconductor-grade silicon is

an essential requirement of the JPL/DOE (Department of Energy) Low-Cost Solar

Array (LSA) Project. A 1000-metric-ton-per-year commercial facility using

the Union Carbide Silane Process will produce molten silicon for an estimated

price of $7.56/kg (1975 dollars, private financing), meeting the DOE goal of

less than $10/kg.

Conclusions and technology status are reported for both contract phases,

which had the following objectives:

• Establish the feasibility of Union Carbide's Silane Process

for commercial application, and

Develop an integrated process design for an Experimental Process

System Development Unit (EPSDU) and a commercial _acility, and

estimate the corresponding commercial plant economic performance.

il
d
_T

To assemble the facility design, the following work was performed:

(a) collection of Union Carbide's applicable background technology;

(b) design, assembly, and operation of a small integrated silane-producing

Process Development Unit (PDU); (c) analysis, testing, and comparison of two

high-temperature methods for converting pure silane to silicon metal; and

(d) determination of chemical reaction equilibria and kinetics, and vapor-

liquid equilibria for chlorosilanes.
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SECTIONi

INTRODUCTION

This report presents the conclusions from two phases of work by the

Union Carbide Corporation (UCC) for the Jet Propulsion Laboratory under

Contract 954334. Phase I began in October, 1975, and Phase II in October, 1.977.

This contract, a part of tile JPL/I)OE (Department of Energy) Low-Cost

Solar Array (LSA) Project, had the objective to develop the process technology

for the manufacture of semiconductor-grade silicon in a large commercial plant

b" 1986, at a price of not more than $10 per kilogram of silicon based o11 1975

dollars.

I.1 BACKGROUND

Union Carbide began producing metallurgical-grade (M-G) Silicon at

Niagara Falls, N.Y., in the 1920's and, in the early 1930's, expanded produc-

tion capacity by constructing a new facility in Alloy, W. Va. The corporation

is still a major commercial supplier Of metallurgical silicon.

Because of a continuing interest in silicon chemistry, a series of re-

search projects that began at the Tonawanda Laboratories in 1940 resulted in

the development of several commercially useful silicon compounds. Two pro-

cesses researched during this effort have direct application to the present

silane-silicon process:

The copper-catalyzed, high-temperature hydrogenation reaction for

producing trichlorosilane from M-G silicon and silicon tetrachloride

in a fluid-bed reactor.

• The technique for redistributing trichlorosilane to dichlorosilane.

These research projects led ultimately to the construction of a large commer-

cial facility for producing silicon compounds in Sistersville, W. Va., in 1955

and to the formation of the Silicones Division in 1956. Further research in
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1:mny areas ovt_r the ensuing years has produc,,,da number of relevant: accom-

pl i.qhments:

Research _,ork at ,qLstersville :i.n the carl)' 1960's resulZed in the

perfect.ion of purification processes capable of reducing boron and

phosphorous contmninants in tz'ichl.orosilane to extremely lo_ levels,

and in the development of analytical techniques to detect fractional

part-per-billion concentrations of these contaminants in tr._chloro-.

silane.

In the early 1970's chlorosilane redistribution equilibria and

kinetics were studied extensively using various catalysts. Rohm

and Haas' Amberlyst_A-21 catalyst was found to sunport highly satis-

factory redistribution reaction rates for chlorosilanes. This

catalyst was used to produce conunercial dichlorosilane by redistri-

buting trichlorosilane, and to produce silane by redistributing

dichlorosilane. These two distribution reactions over A-21 catalyst

are used in the present silane-sJlicon process.

Union Carbide began prom_cing silane by the trichlorosilane-ethanol

process in 1955 and by the molten-salt process in 1957. ]in 1967,

the Union Carbide facility at Keasbey, N.J., began producing eonunercial

silane by the lnolten-.qalt process for the electron.its industry.

In 1957 the technology for producing ._emiconductor-grade silicon by

pyroly.-.ing trichlorosilone in heated quartz tubes was developed at

the Parma, Ohio, Research Laboratories, and silane produced by the

molten-salt process was pyroly:ed to yield silicon metal. The tri-

chlorosilane pyrolysis technology was used bet_een 1958 and 1965 to

produce hmq_ semiconductor-grade silicon for the electronics industry.

Althottgh Union Carbide had been heavily involved i.n many facets of the

silicon and silicones bttsiness over the )'ears, the technology was scattered

throughout several divisions and locations. In i974, a corporate £ask force

was established to assess Union Carl,i;.ie's total capability and direct futm'e



activities in a coherent fashion. As a result, the wide expertise was madc

available to support a more focused effort. The available technologies

included silicon chemistry; gs.s-phase pyrolysis; fluid-bed technology; ana-

lytical and electronic evaluation; economic analysis and fo]'ecasting;

safety, hazards, and toxicity; molten-salt technology; and process engineering.

Corporate research activities were resumed in early 1975 with a program

for producing high-purity, granular silicon metal by pyrolyzing silane. L:|rer

that year, this process and Union Carbide's background technology were des-

cribed in a presentation to JPL. As a result, JPL issued a request for

proposal to study the feasibility of the silane-silicon process for producing

polycrystalline silicon in accordance with the stringent economic goals of

the LSA project. The silane process work was continued under corporate

funding until Contract 954334 was awarded by JPL in late 1975.

P|mses I and II of the contract were authorized as separate efforts

_._.ected toward the specific needs of the LSA project for meeting its goal:

t}ie large volume, low-cost production of semiconductor-grade silicon by 1986,

As a result of a unified and focused effort involving several divisions, the

program technical goals and milestones h_ve been attained, as documented in

this final report. The following divisions have participated in this effort:

Chemicals & Plastics (SisteFsyille _ W. Va.) - production of silane by

disproportionation of chlorosilanes.

Carbon Productz (Parma, Ohio) - pyrolysis of silane to silicon powder

in a free-space reactor and subsequent consolidation of the powder by

melting.

Linde (Tonawanda, N.Y,) engineering for 25-, I00-, and i000 5N'/yr-

silicon facilities and fluid-bed pyrolysis development.

Linde (Keasbey, N.J.) - supply of silane for pyrolysis studies at

Parma.

Me tal_ (Alloy, }_. Va.) - supply of sized M-G silicon for Sistersville.



Corporate !_l_ (Tarr>,tm_n_ N!)'. l - supporting work on hydrogenation

kinetics, silane pyrolysis, and silicon evaluation.

1.2 SCOPE OF WORK PERFORHED DUllING CONTRACT

The objective of the Phase I prcgram was to conduct feasibility investi-

gations to establish the practicality of the following three concepts:

High-volt, e, low-cost production of silane, as an intermediate for

obtaining semiconductor-grade silicon, based on the synthesis of

silane by the catalytical disproportionation of chlorosilanes re-

suiting from the reaction of hydrogen, M-G silicon, and silicon

tetrachloride.

• Subsequent pyrolysis of silane to semiconductor-grade silicon in

free-space and fluid-bed reactors.

• High-frequency, capacitive heating o£ silicon seed particles

suitable for silane pyrolysis in a fluidized bed.

The program for the silane investigation began in October 1975. A small

process development unit (PDU), capable of operating under pressure, was

designed, constructed, and operated to demonstrate the conversion of di-

chlorosilane to silane, and later to test the conversion of trichlorosilane

to silane. A hydrogenation reactor was added as a front end for the PDU,

and the combined system demonstrated the closed-cycle production of high-

purity silane from M-G silicon and hydrogen. The program also included an

experimental investigation of the kinetics of hydrogenation and redistribu-

tion reactions.

The pyrolysis investigation program began in January 1977. A silane

pyrolysis PDU, designed around an existing free-space reactor, was assembled

and operated to produce high-purity silicon powder. Some of the powder,

melted in a quartz crucible, _qas either suction-cast to produce poly-

crystalline rods or frozen in a crucible. A silicon boule was pulled from

re-melted fragments for purity analysis and resistivity measurements. Silane



pyrolysis tests in a company-owned fluid-bed reactor demonstrated that

silicon seed particles could be coated with continuous and coherent layers

of silicon; however, Union Carbide and JPL agreed that this technology was

not as mature as free-space silane pyrolysis. _lerefore, Union Carbide con-

ducted a thorough review of the technical status of fluid-bed pyrolysis, and

submitted recommendations concerning the required effort, cost, and schedule

necessary to develop this technology.

_e capacitive heating investigation was initiated in October 1977. A

fluid-bed system, which incorporated high-frequency, capacitive heating of

silicon bed particles, was designed, assembled, and tested. The results

showed that capacitive heating can be used to heat silicon particles to

silane-pyrolysis temperatures, while keeping the bed wall at a cooler tem-

perature than the particles. The program also included theoretical modeling

of fluid-bed silicon deposition.

In October of 1977, building on the promising technology base being

developed under Phase I, Union Carbide conducted an 18-month Phase II program

in parallel with the remaining Phase I effort. The three objectives of

Phase II were to:

Provide an information base for experimental silane and silicon

facilities through technical/experimental studies and engineering

optimizations.

Prepare a preliminary design for an Experimental Process System

Development Unit (EPSDU) sized to produce i00 metric tons of

silicon per year.

e Perform economic analyses to project product costs from commercial

facilities.

Providing the information base necessary to satisfy the first objective

became quite involved. Much of the data required for preparing a process

design with confidence either did not exist or was of questionable accurac)'.

.



As a l"osult of the analytical and experimental studies conducted under this

task, accurate process design data we_'e acquired in the followLag area._:

• Thermodynamic data for chlorosilanes and process impurities.

• floats of formation and vapor/liquid equilibrium of chlorosilanes.

• Equilibrium constants and kinetics for hydrogenation and redistri-

bution reactions.

I

The activities associated with satisfying the second objective, developing

a preliminary process design for the silane-silicon process, constituted the

main effort for Phase II. In accordance with the original plan, a detailed

process design for a 25 b_/yr experimental unit was developed based on data

from the Sistersville PDU and data made available from the information-base

generation effort. Investment and operating cost data were developed for the

23 _/yr unit and for a I000 MT/yr commercial unit based on the same process.

_ analysis showed that costs of the unit were relatively insensitive to unit

size; consequently, JPL and Union Carbide agreed that a i00 _/yr experimental

unit would be more appropriate. A detailed process design package was prepared

for the i00 MT/yr EPSDU which includes:

• Process flow diagram.

• Heat and mass balance.

• Equipment functional design and specifications.

• Process controls and instrumentation.

• Layout.

Using the EPSOU-sized process equipment as the basis, a 120 MT/yr com-

mercial plant design was assembled and investment, operating, and product

costs were computed. (The capacity is 120 _/yT for the commercial unit with

the same process equipment as the i00 _/yr EPSDU because of expected higher

process on-stream time f_r commercial operations.) The same process has been

used to size all items of equipment for a I000 b_/yr commercial facility and

to compute economic performance.

- ......



The economic analyses for satisfying the third objective were performed

based on the process design developed for the i000 MT/yr facility. The

primary effort was in obtaining equipment costs from vendors and in develop-

ing engineering, installation, and operating costs. Considerable engineering

design effort was necessary to develop the installed cost of the facility.

The results of the analysis are summarized in Section 2.2, Economic Perfor-

mance.

The individual technical tasks in the Phase I and Phase II programs

have been completed; the resulting technological and economic data base for

the silane-to-silicon process provides a firm basis for the future work aimed

at commercialization.

14, . t



SECTION 2

SUMMARY AND CONCLUSIONS

2.1 PROCESS DESIGN

The process selected to produce semiconductor-grade silicon is depicted

in Figure 2-I and described in Section 5.1.2. This process converts powdered,

98%-pure, metallurgical-grade (hi-G) silicon to trichlorosilane (TCS) in a

hot, fluid-bed reactor fluidized with a hot, equimolar, hydrogen/silicon

tetrachloride (STC) gas feed. The hot vapor product from the reactor, which

contains 15% TCS, is quench-cooled to its dewpoint to reject heavy, non-

volatile metal chloride contaminants. Further cooling condenses the crude

TCS/product from a hydrogen-rich recycle stream. The product is fed to a

stripping column witich frees the feed liquid of all dissolved gases.

In the TCS distillation column, the gas-free liquid is separated into STC

for recycling and an overhead product of TCS and lighter chlorosilanes. The

overhead product is further processed in a second distillation column to

separate TCS as bottoms liquid. The TCS is recycled to the first distilla-

tion column through a catalyst-filled redistribution reactor that partially

converts it to STC and dichlorosilane (DCS).
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Overhead product from the second distillation, DCS and lighter, is fed

through another catalytic redistribution reactor, which partially con-

verts it to silane. 1"he silane-rich mixture is processed through the

final silane polishing column, which rejects all chlorosilanes and residual

contaminants downward for recycle back to the second istillation column.

Pure silane (Table V-2) leaves the top of tile column and is pyrolyzed :in

a high-temperature reactor to high-purity product silicon powder for

melting and to hydrogen for recycle.

2.2 ECONOMIC PERFORMANCE

Process designs for commercial facilities have been assembled based on

the Union Carbide silane process (Section S). Investment, operating, and

product cost for I000 metric ton/year (MT/yr) and 120 MT/yr silicon facili-

ties are summarized below and detailed in Section 6 and Appendices C and D.

1975 Dollars

i

Total Investment, SM

Annual Operating Cost

lq/O deprec. & capital
charges), SM

Molten Silicon Product

Cost, $/kg

I000 _IYr Silicon

Facility

120 _ff/Yr Silicon

Facility

Public Private Public Private

Financing Financing Financing Financing
@ 9% Interest G 20% DCF -- @ 9% Interest @ 20% DCF

•6697 6697 3763 3763

4658 4838 1645 1"739

5.76 7.56 18.61 26.42

Even at 20% discounted cash flow rates (DCF), the estimated product cost

of $7.56/kg for molten silicon is lower than the $10/kg (1975 dollars) DOE

goal for 1986 production. By agreement, this cost does not include a cost

for converting molten silicon to solid product.



Since the plants are small con_ared to typical facilities in the

chemical process industry, the investment requirements and total operating

cost are only mildly dependent on plant size. _le product cost is, there-

fore, strongly dependent on plant size.

2.3 SILANE PRODUCTION PDU

A small silane production Process Development Unit (PDU), capable of

producing 0.09 kg/hr of silane from metallurgical silicon, was designed,

constructed, and operated for 278 hours. A total of 3191 grams of high-

purity silane was produced, yielding an epitaxial deposit of 120 flcm N-type

silicon (Table 111-3). This process is similar in most respects to the

commercial plant design described in Section 5. The PDU demonstrated the

feasibility of high-purity silane production by the Union Carbide process.

2.4 FREE-SPACE SILANE PYROLYSIS PDU

A 194 mm I.D. cylindrical, quartz-lined, free-space reactor was success-

fully employed for the homogeneous decomposition of silane into hydrogen and

into submicron silicon powder. To achieve this conversion at near 100%

efficiency, silane was injected vertically downward, as an axial turbulent

jet, into the reactor, whose wall temperature was maintained between 600 and

1000°C. The maximum conversion rate attempted yielded 2.8 kg of silicon/hr .....

The reactor was operated for 40 hours at a silicon production rate of

0.S kg/hr in a series of 5 consecutive 8-hr experiments. To eliminate

buildup of loosely adhering deposits, an externally operated mechanical

scraping device was used. Between experiments the reactor was not opened

or serviced except for the pneumatic transfer of the silicon powder to a

storage hopper. No impurities were detected in powders analyzed with an

emission spectrograph using the cathode layer technique.

2.5 PDU FOR FREE-SPACE SILICON POWDER CONSOLIDATION

Integrated facilities producing wafers or photovoltaic devices will be

able to use product melt directly, but off-site applications will require

consolidation of the fluffy, low-density, free-space powder for easier

handling and reduced possibility of contamination.

10
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Commercially available Czrochalski single-crystal pulling furnaces can

like]), be modified to melt free-space silicon powder. Two Czrochalski fur-

nace manufacturers have suggested modifications to their co_nercial equipment

to utilize free-space silicon powder. One manufacturer proposed the pulling

of a polycrystalline ingot from the melt at. higher rates than those used

for a single crystal pull. A second company proposed transferring the melt

through a quartz tube to a cooled solidification chamber, where a semi-

crystalline ingot can be pulled.

I

These two suggested methods and the suction casting method developed by

Union Carbide represent the best first-generation techniques. For future

large-scale commercial operations, a more economical alternative will probably

be desirable, since preliminary economic analysis indicates that rapid pulling

or suction casting would add $8/kg to the product price.

2.6 FLUID-BED SILANE PYROLYSIS

Heterogeneous pyrolysis of silane in a fluid-bed reactor has been inves-

tigated as an alternate process for converting silane to polycrystalline

silicon. Based on current technology and assuming 10% silane feed concentra-

tion, a preliminary economic analysis suggests that fluid-bed pyrolysis may

be capable of converting silane to high-purity silicon at an incremental

cost of $0. TS/kg (1975 dollars). -These costs are based on extrapolation of

technology that is still in its infancy. However, the attractive economic

potential warrants further development of this process. .....

Preliminary R&D activity on this technology has yielded the following

results.

A mathematical model for heterogeneous decomposition of silane in

a fluid bed has provided fundamental understanding of the temperature/

composition profile favoring heterogeneous decomposition over the

homogeneous gas-phase formation of fine powder,

• A bubbli.ng fluidizcd bed, fed with a I% sllane/hel.ium mixture

for 48 hours, yielded significant quantities of dense, coherently

11



coated silicon particles and minimum quantities of fine powder

(See Section 3.2.3.2). These positive preliminary results warrant

further development effort. Slugging and spouting fluidization

regimes were te_tod with less success.

High-frequency (0.1-1.0 _tz) capacitive heating has been

demonstrated analytically and experimentally for directly heating

the powder in a silicon fluidized bed to 1445°F by energy dissipa-

tion. In this heating method, the wall is cooler than the bed.

In the conventional method, the wall is 100°-S00°F hotter than

the bed for the required heat transfer. Because silane pyrolysis

reaction rate and the tendency for powder-forming homogeneous

decomposition increase rapidly with temperature, hot reactor walls

may result in silicon dust and the formation of wall deposits.

2.7 THERMODYNAMIC DATA

@ By determining chemical equilibrium constants for the trichloro-

M lane redistribution as a function of temperature and by using

van't Hoff's equation (Denbigh, Ref. i), the uncertainty of

published heats of formation for chlorosilane family compounds was

reduced significantly (Table IV-2).

• Chemical equilibriumconstants for STC hydrogenation and the

three chloroM1ane redistribution reactions have been established

as a function of temperature from experimental data (Table IV-I,

Figure 4-1).

Binary DCS-TCS vapor/liquid equilibrium data have been measured.

These data and open literature TCS-STC data have been modeled to

determine vapor and liquid fugacities and liquid-phase activity

coefficients (Section 4.4.1, Figures 4..17 to 4-21) for distilla-

tion column design.

• Itenry's constant has been measured for light gases in chloro-

silanes and used for reducing vapor-liquid equilibrium data.

1,2



Tile data were used to d_sign the settler system and first distil.-

lation column (stripper] (Table IV-21].

Recently measured and open literature data have been analyzed to

yield improved critical properties, vapor pressures, _md vapor

and l_quid enthalpies for the chlo_:osilane family (Appendix B).

The kinetics of liquid-phase TCS redistribution across a catalytic

bed of Rohm _} IIaas Amberlyst _ A-2I amine resin has been measured.

It is hypothesized that chlorosilano reacts with the catalyst to

form an ionic amine-chlorosilane salt. (Further reaction with a

second molecule of chlorosilane forms _wo different chlorosilanes

through rearrangement of the H and C1 (Section 4.3.2.1.). Reaction

steichometry corresponds to second-order kinetic behavior. Second-

order reversible reaction rate constants (Figures 4-9 through 4-].i)

are velocity (Re>molds No.) dependent, and exhibit an Arrhenius-

type temperature dependency (Figure 4-12). Insufficient data were

available to divide the mass transfer resistance into diffusion

and catalyst surface activity components. However, the data

permit accurate sizing of the catnlytic TCS redistribution reactor.

Kinetic rates of liquid-phase DCS redistribution across Amberlyst _

A-21 resin have been measured. A computer program established

best-fit, second-order kinetic rate constants for the three redis-

tribution reactions. These rate constants, when plotted against

composition and time, fit the observed data well (Figures 4-13

through 4-15, Tables IV-I5 through IV-19). The constants also

exhibit Arrhenius temperature dependence (Figure 4-12).

2.8 PROPOSED FUTURE WORK

To expedite commercial feasibility of the silane process for producing

quality polycrystalline silicon, Union Carbide has proposed a program for

designing, installing, and operating an Experimental Process System

Development Unit (EPSDU). The purpose of this program is to establish

13



the feasibility of a process capable of the high-volume production of

silicon that is suitable for solar cells at a cost of less than $I0 per
kilogram. Highlights of the proposed program are as follows:

o Develop technically and economically improved methods for

converting silane to polycrystalllne sili_on_

• Develop analytical methods for detecting extremely low levels

of impurities in silane so as to assess product silane quality,

• Obtain diborane and phosphine-silane vapor-liquid equilibria

data for design of the silane purification column.

• Obtain additional experimental data and understanding of silicon

tetrachloride fluid-bed hydrogenation kinetics.

• Design and test burners for flame oxidation of process waste.

• Design, assemble, and operate a 100 MT/zr EPSDU to demonstrate

all technical and economic aspects of the UCC silane process.

14



SECTION3

PROCESSRF,SEARCIIANDDEVELOPIqENTPI{OGR.a_M

3, I ,qII,AN[! I_RODLJCTIONPROCESS DEVELOPMENT UNIT

3.1.1 Program and Design Basis

A Process Development Unit (PDU) was designed and constructed to

demonstrate the feasibility and practicality of the overall metallurgical

silicon-to-silane process. The main objective was to demonstrate that

high-purity silane could be produced in an integrated process. The unit

was designed for continuous operation at a production rate of about 0.09 kg/hr

of Silt 4 while consuming only metallurgical silicon, hydrogen, and only

enough SiC14 to account for losses from impurity rejection. Buffer storage

of intermediate chlorosilanes was permitted within the context of continuous

operation to adjust for variations in throughput of the various subsections.

3.1.2 Description of PDU

The detailed flow sheet for the integrated PDU is shown in Figures 3-1

and 3=2. The two basic subdivisions were hydrogenation and redistribution.

In the hydrogenation section, SiC14 and H2 were contacted with copper catalyst

and metallurgical-grade silicon to produce a mixture of STC, TCS and H2.

In the second section, redistribution and distillation converted the TCS to

silane and STC. Both sections could be operated simultaneously or individually

with storage buffer tanks.

3.1.2.1 Ilydrogenation Section

t

<_.._' °

The hydrogenation reactor section consisted of a 7.62 cm diameter x

120 cm high fluid-bed reactor, a SiCI4 vaporizer and superheater, a dust

scrubber and product collection system, and a raw material feed control system.

The hydrogen, regulated at 300 psi from compressed gas cylinders,

was controlled using a Moore constant flow controller. The rate of flow was

15
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measured as the pressure drop across a 10-foot coil of 1/8" tubing using

a pneumatic differential transmitter.

Silicon totrachloride stored in a 30-gallon tank was fed to the

unit by a diaphragm positive displacement metering pump. A 275 psi relief

valve on the pump discharge permitted operation at a constant differential

pressure; a calibrated sight glass reservoir on the pump suction permitted

rapid checking of flow rate at any time.

The c_mbined hydrogen and STC streams were vaporized and super-

heated in an electrically heated furnace, with gases passed through a coil

within the furnace. The design parameters for the vaporizer were:

Feed: H2

SiCl 4

Inlet Conditions

Outlet

Tube Diameter

Vaporizer Wall Temp.

Vaporizer Radiative Heater

Total Length of Tubing Required

559 g mole/hr

7.5 g mole/hr

25°C, 300 psia

500°C, 300 psia

3/8" O.D.

600°C

1200°C

I0.0 ft

The preheated gases entered the fluid-bed reactor through a cone-

shaped distributor. Provision was made for momentarily diverting a portion

of the hydrogen through the copper/silicon charge hopper to pneumatically

convey fresh solids into the reactor.

The hydrogenatien reactor consisted of a 7.62 cm diameter x 120 cm

high 304 stainless steel tube, which was well insulated and electrically

heated for the lower 60 cm length. An Inconel-sheathed thermoeouple bundle

with five equally spaced couples extended from the top to the bottom of the

reactor. The inlet cone-shaped distributor of 17o half angle was machined

from a 7.62 cm diameter block of graphite, and the flanged closures at top

and bottom were sealed with Grafoil gaskets. A reactor design summary is

given in Table III-I. Following the reactor, a bellows sealed control vah'e

!
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TABLE III-I

HYDROGENATION REACTOR DESIGN SUMMARY

Conditions

Gas residence time

H2:SiCI 4 ratio

Gas density

Gas viscosity

Solid density

Average particle

Estimated shape factor

Estimated voidage at minimum fluidization

Estimated minimum fluidization veloeity(Umf )

At o X Umf

Total reactor height

Diameter (nominal 3" sched. 40 pipe)

Entrance cone half-angle

150 psia; 500°C

I0 seconds

2.1

0.547 Ib/ft 3

O. 0300 cp

137 ib/ft 3

(65 x 150 mesh) = 150

0.67

0.56

2. i cm/sec

4.2 cm/sec

120 cm

7.62 cm

17°

19



with stellite trim reduced the pressure from 275 to less than 1SO psi, the

design pressure of the product recovery section.

The hot gases and entrained solids from the reactor entered a

scrubber/settler chamber (Figure 3-3). 'this chamber, 7.62 cm diameter by

15.2 cm high with a conical bottom and tangential inlet nozzles, was used

to bubble the hot gases through the condensed product liquid. A stable

inventory of liquid was maintained by gravity flow from the condensate

accumulator.

_e saturated cooled vapors flowed through two 2-ft 2 areas of stain-

less steel, fixed-tube, sheet condensers cooled with water or chilled refrig-

erant. Liquid/vapor phase separation was accomplished after each condenser,

with the liquid returning to an accumulator. The refrigerated condenser was

cooled by recirculated R-11 from a coil immersed in a dry ice/ethanol/R-113

bath.

An overflow tube on the accumulator maintained a constant liquid

level in both the accumulator and the settler. The condensed product was

collected in a 10-liter tapk; uncondensed gases were routed via a pressure

control valve to a Water scrubber and an atmospheric vent.

Provision was made for sampling the reactor product stream and the

uncondensed vent gas by on-line chromatography. A helium carrier diluted the

sample, ensuring an all-vapor stream to the gas chromatograph. Small filters

at the sample point eliminated dust from the sample system.

The entire section was protected from overpressure by relief valves

on all sections of significant volume that could be isolated by valves.

These safety relief valves were Circle Seals placed dmcnstream of a Black-

Sivals, and Bryson vacuum-supported rupture disks. The space between the

rupture disk and the relief valve was monitored with a pressure gauge to

ensure the i_itegrity of the disk. The relief valves exhausted into a

nitrogen-purged header vented to the atmosphere. This disk and valve arrange-

ment prevented direct contact of the chlorosilanes with the relief valve and

ensured a leak-proof system (Figure 3-4?.
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FIGURE 3- 3

tIYDROC,IiNATION REACTOR SCRUBBER/SETTLER
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The 112 and STC feed control system was described previously. _e

temperature of the hydrogen and vaporized STC feed was controlled indirectly

by using a controller to sense the wall temperature of the prcheater and

adjust electrical power accordingly. The set point was-manually adjusted to

the appropriate gas temperature, thereby providing burn-out protection for

the preheater. The reactor temperature was controlled in the same manner.

A differential pressure meter was used to determine the inventory

in the fluid-bed hydrogenation reactor. To determine fluidization character,

a calibration curve [Figure 3-5) was used in conjunction with visual obser-

vation using a 6.62 cm diameter glass column with a conical graphite injector

cone as in the steel reactor. A 65 x 150 mesh silicon, fluidized with

nitrogen was used to obtain the bed height [silicon inventory) vs pressure

drop relation. A second determination was made using N2 at I00 psi in the

steel reactor while charging a copper/silicon mixture pneumatically to

verify proper operationof the charging arrangement. The quality of fluid'

ization while a corrosion test specimen rack was installed was also observed,

confirming that there were no adverse effects.

The internalreactor temperature profile as well as the inlet and

exit temperatures were indicated , a multipoint digital indicator. Chromel-

Alumel couples were used in servic_ above 300°C; copper-constantan couples ......

were used at lower temperatures. This feature was common to the entire PDU.

The system pressure control Was split into two sections. The

pressure in the f!uid_zed bed was controlled by a bellows sealed valve with

stellite.trim for abrasion resistance, Pressure was sensed with a pressure

transmitter feeding a pneumatic indicating controller. A similar arrange-

ment using a standard design control valve was used for the condenser

system. This dual system permitted the use of lower-pressure-rated com-

ponents in the condenser section. It was recognized that solids carryover

¢rom the fluid-bed reactor would cause some difficulty with a control valve

there. The temperature of the refrigerated condenser was controlled by a

solenoid valve on the circulating pump by-pass through an on-off type

indicating controller.
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3.].2.2 Redistribution and Distillation

The redistribution section of the PDU [Figure 3-2) consisted of

two distillation columns, two packed bed redistribution reactorsj two

parallel carbon beds, a compressor for packaging the final silane product,

;u_dvarious tanks for buffer storage of chlorosilane int=?mediates.

A mixture of STC and TCS from the hydrogenation section was fed

through flow meter FI-2 to the lower feed point of the first distillation

column (S-2). A second feed to the column from the first redistribution

reactor (R-2) entered the middle feed point. The column bottoms product,

chiefly STC, was recycled to the hydrogenation reactor section. The overhead

product, DCS and TCS, flowed via buffer tank T-4 to the second distillation

cohen (S-l). A second feed to the S-I was vaporized product from the

second redistribution reactor (R-I), containing a modest amount of silane.

In the S-I, TCS was removed as the bottoms product which flowed via buffer

tank T-2 to the R-2 where it was converted to a mixture of DCS, TCS, and

STC. The overhead vapor from the S-I entered a partial condenser, A portion

of the condensate was returned-to the column as reflux, and a portion was

vaporized and returned through the R-I where it was converted to a mixture

richer in silane, while the noncondensable vapor flowed to a cold trap.

The cold trap condensed more chlorosilanes, which were returned and combined

with the partial condenser liquid product. The noncondensable silane theT_

flowed through one of a pair of refrigerated carbon beds. _e carbon beds

adsorbed any remaining chlorosilanes, and the silane product was then com-

pressed into high-pressure gas cylinders. _

The first distillation column (S-2) was designed to achieve a 98%

recovery of TCS _rom STC based on an average feed composition of 20% DCS,

77% TCS, and 3% STC. Using the approximate Gilliland tray count method and

assuming average ideal relative volatility values, a column with 28 theoret-

ical trays operating at I.i reflux ratio was required. The )(" protruded

metal packing selected for this service had a height equivalent to a

theoretical plate (HETP) of 2 inches at 80% of flooding loading. This

defined the column height at 60 inches. •
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The estimated throughput for the column (32 lb/hr) resulted in a

column of 5 cm diameter to handle-the flow at 70% of the flooding rate at

the reflux ratio of 1.10. tqith the column diameter (5 cm) and packed

height (1.52 era) determined, the reboi ler and condenser heat dutx (7,(100 B'rtl/Iv,,)

_.:as calculated from the reflux ratio overhead l,roduct rate and heat of

vaporization. A 5-ft 2 heat transfer area condenser was selected and piped

so that half *..!]e exchanger would function as a dmmflow unit with sub-

cooling, and the other half as an upflow condenser and guard trap. The

reboiler selected was a 2.5 kw electric immersion unit.

The second column (S-l), which separated TCS from DCS and the lo_,:er

boiling silanes, was similarly designed. S-i was specified as 2.54 cm

diameter by 152 cm high and equipped with a 700 watt reboiler and 2 ft2

area condenser. The operating pressure of 40 psig was selected as high

enough to permit efficient condensation of DCS with available cooling, and

low enough to allow vapor phase operation of the second redistribution

reactor within the allowable temperature range of the resin.

The design of the redistribution reactors was based on the residence

time required to approach equilibrium as determined from laboratory studies

for liquid-phase TCS or vapor-phase DCS feed, as appropriate. To permit

isothermal operation, each reactor was wrapped with insulated copper tubing

carrying tempered water. The retainers for the Amberlyst_gA-21 catalyst

were cylindrical UOP Johnson Wedge wire elements with a nominal 0.152 mm

opening. These retainers adequately retained the resin, only 1.0% of

which is less than 0.252 man. The units were installed with vapor flow in a

downward direction to avoid fluidization, or with upward TCS liquid flow

for the-same reason (the bulk density of the resin is less than that of

liquid TCS).

The size of the carbon beds was determined from the experimentally

determined capacity of the sorbate (Union Carbide JXC carbon) for DCS and
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the quantity of silanc gas desired to be purified between regenerations,

An arbitrary regeneration cycle of S hours was selected, A pair of carbon

beds, each 5 am in diameter by 122 cm high, containing 1000 grams of

carbon were selected. 21_e anticipated DCS capacity would be 60 grams.

Since the expected concentration of ch?.orosilanes in the Sill 4 feed Iqas 9q_,

the beds were placed on an 8-hour cycle, allowing for 50.°6 regeneration

efficiency. To remove the heat of adsorption, coils containing flowillg

refrigerant were installed within the beds. Electr.ic strip heaters were

clamped on the outside wall to heat the beds to 200°C for regeneration.

Provision was made for desorbing the beds back into the silane cold trap,

exhausting to vent, and purging with He, N2, or SiH 4.

To compress the gaseous SiH 4 product into high-pressure cylinders,

a diaphragm compressor Was selected. The compressor was a Pressure Products

Inc., _lodel 8042, with a capacity of 0.3 cu ft/min at 1 atmosphere suction

and 300 psi discharge. For safety and purity retention, the packless com-

pressor used the flexing of its stainless steel diaphragm for the pumping

action, with no moving seals. A special triple diaphragm design permitted

the detection of a broken diaphragm and an orderly shutdown without hazard

(F.iguro 3-4).

The control functions are shown on the process flow sheet (Figure

3-2). Heat inputs to the distillation columns were controlled manually

based on the column pressure drop as indicated by differential pressure

transmitters. Column reflux ratios were controlled by manually set interval

timers that opened (or closed) twin solenoid valves on the condensate return

flows. The column reboiler levels were controlled by an overflow arrangement

with rough float liquid draLners. The crude STC/TCS flow was manually set

and indicated on a glass rotameter. The interstage flows of ehlorosilanes

were maintained by pneumatic indicating controllers acting on bellows-sealed

automatic control valves. The flow was measured by integral-orifice,

differential-pressure transmitters that had been bench-calibrated. Process

temperatures were indicated by a multi-point digital indicator using copper-

constantan thermocoup!es. --

!

l
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On-line analysis of all ILroduct and intermediate streams was pro-

vided by a gas chromatograph and a s_mple flow switching manifold. Filtered

samples of gas or liquid streams were purged semi-continuously through a

manifold where they were vaporized, when necessary, and mixed with he1:ium

to prevent condensation. The streams were carried by helium to a gas sample

valve on the chromatograph, with a cycle time for analysis of about 7

minutes. This analysis determined the composition of the five chlorosilanes

and IICI. Samples for other analyses were taken in flasks or cylinders for

off-line processing.

3.1.3 PDU Performance Assessment

The PDU was constructed in three increments. First, the distillation

column S-I, reactor R-l, associated tanks, condensers, and the small carbon

bed were assembled. This portion could accept as feed either pure DCS from

an independent source, or a DCS/TCS mixture produced from the integrated

operation of the total PDU. _is initial portion of the PDU was operated

with a DCS feed to produce 3.2 kg silane of modest quality at _ rate of

0.08 kg/hr at 93% efficiency based on the DCS feed (Table III-2).

Following this successful demonstration, the second portion of the

PDU--the distillation column S-2, reactor R-2 and associated ancillary

equipment--was installed. The original small, nonregenerable carbon trap

was replaced by two larger regenerable units. The two-section portion could

accommodate TCS, DCS or a TCS/STC mix Cfrom the hydrogenation reactor) as

feed while producing only silane and STC. The second section was operated

independently of the first section for final debugging. The hydrogenation

reactor section, constructed last, was integrated into the other portion

of the unit by sharing common feed and product tankage. Although the unit

was capable of totally integrated continuous operation, the hydrogenation

section was operated alternately, in practice, with the distillation/

redistribution section using the common feed/product tankage as a buffer_

In this sequential mode, 3.2 kg of high-purity SiC14 was produced in 181

operating hours with an overall yielP based on silicon metal of 85%

_Fable III-3). Ilydrogenntion reaction kinetics were determined at 191 ps_g,__
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TABLE III-2

()III!I_A'I'I.N(; I{l!.C,lll,'l'S S II,ANI! PDtJ I)ICIII,OI{O$I],ANI! SI!(:TI()N

Dichlorosilane Feed Rat_

Silane Production Rate

System Pressure

Reactor Residence Time

Reactor Temperature

760 gram/hr.

80 gram/hr.

345 KPa

8.75 seconds

55oc

STREAH COHPOSITIONS SILANH PDU

_'=.

Sample Point S__4_

Feed to g-1 18.6

Feed £rom R-I to S-I 28.5

Distillate £rom S-_I

Condenser Vapor Product 86.39

Carbon B_d Inlet

(Cold Trap Exi%) 96.26

Carbon Bed Inlet

(Final Product) < 99

Cylinder _ LK 289962

SiH 4 1900 Eram

Ch!orosilane < 1 ppm

Soloxane < 1 ppm

Hethylsilane < 2 ppm

Disilane < 2 ppm

Carbon Dioxide 20 ppm

Hydrogen 1.52 %

Nitrogen i.i0 %

fluthane < 10 ppm

Silicon,vi_ Epitax y

Resistivity 50 ohm/cm

Conductivity Type N

H_S_Cl ._2sic--!2-

$5.5 43.1

20.3 32.0

0.04 1.22

7.37 4.92

3.65 0.09

m

LK 268192

4SOgr_m

I0 oha/cm

tl

2.8

19.1

94.05

1.33

?.

.I

4.7

LK 23683

1000 gram

10 ohm/cm

N
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'I'ABI,I!11[-3

SIt,ANI_ I'ROI_tlCYI' FR01_IFINAL IN'I'LRIRATI_D PDtl OPERATION

Cvl indm" No,,
_.J.-

ll)'drogen

Nir rogen

Met hane

hie t hy 1 s i lane

S I 10Xg, t I1 t'

Ch In ro s i I an e

D i s [ 1ant

Dichlorosi lane

Trtchlorosiiane

Si licon 'ret eachloride

'l'ri silane

Te t _a s i 1 a ue

Sil icon via l!pitaxy

Resist ivity

Conduct ion Type

I,K 290145

14037 %

2.03 %

< 50 ppm

99 ppm

35

51

_6

< 8

217

70

83

171

20 ohm/cm

N

LK 290(144

15.05 ",,

2.56 o

< 50 ppm

91 ppm

53

31

53

< 8

81

75

1.14

1_( ohm/c.f

N
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carboll bed p_'rforlllaP,_'e _,lat_ a._:_esscd, al/d d[sti1, latioll ¢o1_t11111a_d redi._t_'i-

btltiOll l'_':IctOrpovl'orlllailcel_'el'orollghly :|._s_,s.qod. Mecll:illiCal tel ial,Ll it)'

was 1"evi_.'l_'t'dt'I'Olllthe :_talldpOillt of l!P,qllllopL,1'aiiOils, lllld_._Ol'l'O.qi.Oll-Ios_

spoc iInetlsl'.rOlllIhe red istr._butioli :illdhyd l'o}_e1111t 1Oli l'e:Ictot's WOl't'eVil.Illiitcd.

3.1.3.1 Itau ' _Iatoria] Charactori=ation

The metallurgi.cal silicolx feed for SiCI.I hydrogenat_,olx studies _'as

determined to have the particle s.i'_e distribution shown in ']'able II1-.I;

composi_.Lon by sl_ectroscopic :malysis of the individual si:',e fractions is

Mwwn in Table 111-5.

For exper.iments in the high-?resstlre, fluid-bed reactor, the o5 x

100 mesh fraeti.on was used. This fraction was found to be more easily

handled in small reactors at modest gas velocities. It is dil'ficult to use

the l,lllcl:lss if'ted lllaterial bec:luse el" t he sllla I I opel';itill!_, I :it i t ilde 1,etwccn the

flui.dization of coarse part:kcles illld the elutriation of fines. The typical

composition of cement copper shown in Tal,le III-(, ix a varied mixture of

metallic and copper oxides with small amounts of other me_al sulfate::.

Silicon totrachloride was 99..q9_, pure with less than 10 Imrts per

million total metallic impurities. The hydrogen was l,imlc standard "high

purity."

Typical composition of t:he metallurgical silt.con/copper reaction

mass before and after hydrogenat.ion is shown in 'fable 111-7.

The Aml_erlv,t@.\--.'l u:t,,, typical matt'ri,_l descril,cd itv'r,_blc I Il-S.

3.1.3.2 [b'drogenatiou Pert'ormance

The h.vdrogetlation sect ion was operated over a range of pressure

tellllWrattlre.q and COlltact ti111Os to evalttatt, reactor |lerforlllatlce alld to t_l"_,plll'C

a quantil.v Of 'l't;S/S'l't: t'Of later use in the integrated performance demonstra-

tion. I!urinp, one 22-hour operating period, 52 kg of a 25'i, 'I'£S/75",, S'l't:
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TABI,E 1II-4

COARSE GRIND SILICON SIZE DISTRIBUTION
J, i

blesh Size

_" 48 mesh

48 x 65

65x 100

100 x 150

150 x 200

200 x 325

-325

Microns

+297

297 x 210

210 x 149

149 x 10a

105 x 74

74x 44

.44
. L .

Weigh t
Fraction

56,05

14.15

16,95

5,56

3.02 1
2.86

1.42

The individunl fractions we.re analy:cd by atomic absorption spectro-

scopy; a modest wn'iation in the purity was found between the fractions.

TABI,E III-5

METALLURGICAL SILICON ANALYSIS BY SIZE I_RACTION

Mesh

+48

48 x 65

65 x I O0

I00 x 150

150 x 200

200 x 325

-325

;52

.57

.48

.65 ......

,83

, 1.33

2.01

Cu
ppm

38

32

36

39

47

88

203

AI Ca

% ppm

.28 5

.32 5

.30 6

.36 6

.47 7

.76 9

1,07 9

- . , ,

Pb Mn

ppm %

19 .03

18 .08

20 .06

I0 .08

35 .09

14 .17

34 .21
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T:\I_I,I!III-o

'I'YI'Id:\l,dOHI'OS I'I'ION 01: [_I!_II!N'I'

[_k't111 ",,

'l'otal Col_pcr $5o3

Melallic Copper 35.(_

Cuprous Oxide 35.0

Eupri ¢ Oxide 23.3

I yon L. 1

A 1umi hum 0.2'7

_I_1!;11¢'._ [ II|ll (). (1S

1,¢;sd 0.0S

I't,I'S L' n i c 0. (1.[

Hul fates L),, S.1

SIII't'IICL" :\I;C:I_, lll"-,/g ,_.,_

MC:lll [li;llll¢'tL'l'_ llliCl'Oll,q 7.0

Stand:ird IK'vi_ltion ':,

.!. 2

20.8

2(I. (_

17

2.3

O. 37

.... 0 .13

(I,0 '7

0.0,1 -

2.73

I. ?7
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TABLL! III-7

lql!'l'Al,l,Ull{;lt2AI, SII,LCON /COPPER ILEACI'ION _IASS

F(. _ } °o

C,u

A.I

Ca

Pb, ppnl

Before Reaction

0.60

0.42

(1 ,,07

0 o 10

(} o(}b

16

Aft6_ .... l _ ,, CoI_ve l's :io_1

0.60

0. ,1,1

(1,06

0 o09

0.03

2O
- i;

4",

3.1



'rABI,I_ III-8

AblBI]RI,YS_ A-21 PROPERTIES

Property Amber l ys_A-21

Appearauce Hard, spherical, light tan,

Ionic form

Moisture holding capacity, percent
Exchange capacity:

Wcight capacity, meq./g[ dry resin
Volume capacity, meq./ml.

Density, lbs./cu, ft.

Effective size, rmn.
Uniformity coefficient
Fines, by wet sieve analysis through

g>o sieve, percent
}tydraulic expan.aion, free base form

at 2.0 t:pm/cu, ft., 30°C, percent
Whole bead c.c,ntent, percent
Porosity, percent
Average pore diameter, /_-
Surface area, m. 2/g.
Solids, percent

PcI'ccnt -u_,el.ling from dry state
to solvent-saturated state

tlcxauc

Di t. t.hy l.c thor
Acet, oue
Ab:_o 1ut," _' t.hano]
Wat._,r

water-saturated beads

Free base

46 to 53

4.5 to 5.0

1.4 to 1.7

38 to 42

0.40 to 0.55
2.0 maximum

1.0 maximum

120 maximum

i00

35 to 45

700 to 1200
20 to _D

47 to b5

2O
25
22
2_
50
25

I

|
w - , ." _"_ "_ _i _ .
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mixture was prepared while operating at 190-200 psig, a S:l II2:S'FC molar

feed ratio, 530°C average reactor temperature, and a flow rate to achieve

25 seconds residence time in a 92 cm high bed of silicon having 0.19_

Cu/Si alloy. Experimental STC hydrogenation data are presented and reaction

kinetics defined in Section 4.3.1.2. In general, the PDU performed as

expected. Fluidization quality was adequate and predictable by pressure

drop measurement which followed the same behavior as determined in the

glass tube experiment, Figure 3-5. Elutriation accounted for less than

10% of the silicon reaction mass. Tlie H2:STC feed was vaporized and pre-

heated as described in Section 3.1.2.1. With the outlet temperature

controllable to within 10°C, the gases were preheated to the planned

reactor temperature. The reactor temperature profile for this slightly

endothermic process, Figure 3-6, showed a maximum due to slight heating

o-i: the reactant gases from the reactor wall in the first few inches of the

reactor followed by decline as the gases left the heated zone 24 inches

from the reactor inlet. For data analysis, the average reactor temperature

W[IS ChosoI1.

3.1.3.3 Redistribution and Distillation Performance

During initial operation of the PDU redistribution section in February

19:7, dichlorosilane was used as the feed meterial. Only the second reactor

and distillation column were used to produce 0.080 kg/hr of Sill 4 at a yield-

cf 93_ according to the reactions:

4 tt2SiC12 -_ 2 H3SiC1 + 2 HSiC13

2 H3SiCl _ H2SiCI 2 + SiH 4

I

i

" i

i

i

Pure DCS was fed to the R-1 reactor to supplement the flow of mixed silanes

from column S-1 distillate. Since the TCS product was c_llec.ted in T-2

and not recycled, only R-l, S-l, and associated Equipment were operated.

Typical operating condition stream compositions and silane product analysis

are listed in Table III-2. This phase of the program successfully produced

three cylinders of Sill 4 containing a total of 3.35 kg. Analysis of the
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material, Table III-2, indicated that modest electronic quality had been

attained and that a small amount of gaseous impurities more volatile than

Sili4 were present. The PDU had no provision for removing light gases.

The DCS-to-silane portion of the PDU operated reasonably well after the

initial period of de-bugging. The vapor capacity of the 2.5 cm diameter

distillation column was close to the design limit, as determined by pressure

drop and feod/reboiler vapor rates. The measured column efficiency showed

about 93% recovery of TCS from DCS compared to the ideal system design

basis of 98%. It was not, however, the purpose of the PDU to quantify

vapor-liquid separation efficiencies, plate value, and precise reflux ratios.

The redistribution reactor product mix closely approached an equilibrium

mixture as determined by the feed and product compositions; the reactor was

generously sized to ensure this mixture. Reactor pressure drop was low

(i" of water column/ft of bed) except when liquid chlorosilanes were inad-

vertently allowed to condense.

The cold trap after the partial condenser o_ the distillation column

enriched the silane concentration to about 95% and provided stability for

minor process fluctuations. The original i" diameter x 3 ft long carbon bed

had low sorption capacity. The silane flow was only routed through it to

the compressor and product tanks when analysis of the cold trap outlet indi-

cated less than 5% chlorosilanes. The original carbon trap was not designed

for efficient regeneration. The main operational difficulty of the DCS-silane

unit was condensation of chlorosilanes in the redistribution reactor, resulting

in high pressure drop and lowered recycle rates (hence, lowered silane production).

This condensation occurred when the bed operating temperature was close to the

reactant gas dewpoint, especially during startup before much si]ane or MCS was

present. Heating the feed gas a few degrees by heat tracing the inlet line

resolved the problem. The analysis of the product silane, Table III-3, shows

a modestly high-quality silane (20-120 _/cm resistivity). Thus, the feasihiliiy

of the process was demonstrated.

Integrated operation of the entire process for converting metal-

lurgical silicon and hydrogen to silane was demonstrated when two cylinders

of silane totaling 4.4 kg were produced over a 181-hour operating period.
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The hydrogenation of STC has been described earlier in this report. The

product from that reaction was fed to the enlarged redistribution section

and converted into silane, and the unit was operated as described in

paragraph 3.1.2.1. Typical operating conditions for the TCS/STC distillation

column and TCS redistribution reactor when operating as part of the integrated

PDU are shown in Figure 3-7. The distillation column and reactor again per-

formed close to the design conditions, with only minor variations. The TCS-

rich bottoms from column S-I (labeled "From Silane Unit" in Figure 3-7)

had more DCS than those from that portion operated &lone. The distillation

column in the "Silane Unit" now had to separate DCS from a more dilute feed

and some DCS was left in the bottoms, resulting in only a slightly higher

recycle rate. The high efficiency of the S-I column resulted in essentially

no loss of TCS back to the hydrogenation unit. The only material loss in

the overall integrated operation was in the scrubber settler of the hydro-

genation section. All hydrochlorosilanes were converted eventually to

silane and silicon tetrachloride.

The efficiency for boron removal -- an important indicator for the

overall purification scheme -- was demonstrated. The total boron level in

the feed to the trichlorosilane redistribution reactor was measured as 0.13

parts per billion; The distillate from the first distillation column, which

is the DCS/TCS feed to the silane still, was analyzed at 0.04 parts per billion

total boron. The resistivity and conductivity type of silicon epitaxially

deposited from the silane product also indicated low boron levels (Table

III-2).

The carbon beds used for final removal of chlorosilanes performed

well in spite of momentary process upsets which resulted in higher concen-

trations of chlorosilanes in the feed gas. Regeneration by heating to 200°C

and purging with recycled pure SiH 4 back to the final condenser was routine.

Regeneration was performed whenever-H2SiC12 was detected in the product gas

by on-line chromatograph)'.

The activity of the ion exchange resin was not measured directly.

Laboratory kinetic studies identified an early rapid (23%) decline in activity,
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FEED FROM HYDROGENATION

H2SiCI2 0.13 MOLE %

HSiCI 3 33,23 MOLE %

SiCI4 66.64 MOLE %

ii i i | i ii i i F

D
I
S
T
I
L
L

.f
I
C
Ix

l
l_
1

o70.9 C; 36 PSIG

I DISTILLATE TO SILANE UNIT

l H3SiCI 0.65 MOLE %

H2SiCI 2 20.66 MOLE %

HSiCI 3 78.17 MOLE %

SiCI4 0.52 MOLE %

60°C

"-"-1

R

|-60°C

H2SiCI 2 6,48 MOLE %

HSiCI 3 77.71 MOLE %

SiCI4 15.81 MOLE %

FROM SILANE UNIT

H2SiCI 2 1.87 MOLE %

H SiCI3 85.32 MOLE %

SiCI4 12.81 MOLE %

117°C; 37 PSIG

DISTILLAND TO HYDROGENATION

HSiCI 3 0.44 MOLE % I

ISiCI 4 99.56 MOLE %

FI (]UI:,E 3-7

I_TSPI_,OP£tI_,I'I£_NA'I'ION UNIT P,FI_ISTI_,IBUTION

_..
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which thel_ stabilized and seemed to be dependent on the level of nitrogen

remaining, on the tertiary amine functional resin. Samples of the resin

catalyst from the PDU were analyzed for nitrogen content (Table III-9);

those samples indicate, by linear extrapolation, a life expectancy of about

1500 hours after the initial rapid decline. However, the data do not

show whether the decline is linear or as)qnptotic. Previous experience had

shown no substantial decline ill activity after 1600 hours of operation.

The. nitrogen value is likely lost by eValJOration or leaching into the vapor

chlorosilane stream, followed by rejection to the STC stream through dis-

tillation. The slight amine odor of fresh A-21 would indicate that some

volatile compounds are present.

Total chlorosilane loading on the_carbon beds was not known with

precision. Occasional pressure upsets during otherwise routine operation

forced higher than normal amounts of MCS and DCS into the beds. The operating

cycle was extended beyond the 8-hour design criteria because analysis of the

effluent indicated low levels of chlorosilanes (Table Ill-10). At the normal

production rate of 0.08 kg/hr of silane and an average chlorosilane content

of 3.74%, I09 grams of chlorosilanes were adsorbed in 20 operating hours.

Each carbon bed contained 1600 grams of carbon, and minimum loading at the

beginning of the regeneration period was 6.8%. At the bed operating tempera-

ture, 7% DCS can be adsorbed on the Union Carbide JXC carbon at a relative

pressure of 0.005. This agrees well with the operating experience, which

showed _, 0..5% DCS after 20 hours. With desorption at 200Oc and purging _ith

pure Slit4, less than,,O.l% DCS should have been retained.

3.1.3.4 Corrosion Data

Based on specimen coupons exposed to the process environment for

6,000 hours, carbon steel was determined to be an adequate material of con- -

struction for the redis£ribution reactors. Samples of 316 stainless steel

and carbon steel were placed on a rack inside one of the redistribution

reactors. The samples were removed for examination after about 6,000 hours

exposure to liquid chlorosilanes and to the ion exchange resin catalyst.



TABI,E III-9

NITROGEN CONTENT OF AMBERLYS_)A.21

CIII,OI_OSIIANE REI)ISTRIBLJTION CATAI,YST

Cummulative Reaction

Time, Houz_s Wt. % N

0 6.25

7O

300

8 4.8

4.5

o8 _°
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TABLE III-,lO

TYPICAL ('ARBON BED OPERATING DATA

Hours

O,08 15 24.5 99.87 O. 04

6.5 15 - 3.5 99.96 0.04

7.0 15 - 3.5 99.96 0.04

16.5 15 - 3.5 99.00 0.8_

18.5 15 29.6 98.82 1.03

4.0 !5 20.9 99.97 0.0I

6.0 15 16.3 99.77 0:19

9.0 -15 9.9 99.86 0.09

9.5 15 13.1 99.78 0.19

14.0 15 9.1 99.84 0.15

15.0 15 17.9 99.82 0.1S

Gas Flow Rate = 80 gram/hr Sill 4

6,8 wt% c]_lorosilanes

=2s cl 
0.01 0.08

m_

li

o.19 o o1
0.15 ..

ii

0.01 0.01

0.01 0.03

-- 0.05

"- 0.03

0.005 0.005

mm

mo

ml

m_

wm

I,m

-, la

,mi
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Corrosion Rack Results

Trichlorosilane lledistrihution lleactor

Liquid Only l'h}lso Penetration, I!_ches/_,_:

Carbon Steel 0.0003

316 S.S. Nil

Catalyst & Liquid Phase

CoIliillent s

Crevice corrosion

Light pitting

Carbon Steel 0. 0007

316 S.S. Nil Crevice corrosion

Pitting attack

Carbon steel proved to be the best choice of material with an average

penetration rate of <0.0007 inches/yr. All metal loss was uniform, with no

indication of pitting attack. The 316 S.S. exhibited pitting attack at the

crevice formed between the coupon and the mounting hardware (also 316 S.S.).

These results show that the distillation storage and transfer lines processing

the chlorosilanes can be constructed of carbon steel provided that the tempera-

tures do not limit the mechanical properties. Stainless steel would be suit-

able for low-temperature in,ocessing.

I,ess positive answers were obtained from the fluid-bed hydrogenation

reactor, All exposed coupens, either in the fluidising region or in the-free

vapor space above the bed, were heavily covered with loose, flaking scale;

shinning exceptionally high corrosion rates. The chrome-plated carbon steel

coupon showed some promise: the chronic plate remaining appeared to be

unharmed.

,1.l
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(:orrosi,m Rack Results

llydro!;enatioll Reactor Penetrntion Rate, In/)'r

310 S.S. 0.82,10

Inconel 825 0.i113

Incoloy ,q00 0. 1578
Chromo Plated Steel 1.5713

2o-1 S.S. Alloy 0.9148
TLtanilnn react ire

304 S.S. 1.457

Carbon Steel heavily scaled

InconeI (_25 heavily scaled
3 I11!- O0 0. 990

Figure 3-8 shows photographs of coupons that have been removed from

the reactor and de-scaledi Also shou, n is a magnified view of an Inconel

thermocouple sheath used in the experimental reactor. The thickness o£ tile

Inconel sheath is 0.02 inches. I,oose scale deposits are .-een, and on failed

sheaths tile structure has changed from austenitic to ferrit:ic.

Tile pr:imary Corrosive effects are due to ItC1 and nascent hydrogen.

There is no evidence or silicon penetration of the substrate, tlowever, there

is evidence of nascent hydrogen penetration, implying a need for high chrome-

nickel alloys. But because ltC1 is present at tile reaction temperature, high

nickel :tlloys are also significant.!y attacked. Based on current information,.

tile best material for tile hydrogenation reactor is Incoloy 800, a 40.% Ni,

21% Cr, .il';,, l:e alloy with good strength at process temperatures and good .....

resistance to hydrogen_and hydrogen chloride.

3. "_ SIIANI" PYROI,YS1S AND SII,ItION CONSOLII_ATION

l_uring Phases--I t', II of tile program, the feasibility of pyrolyzing

silane into semiconductor-grade silicon was demonstrated. Silane pyrolysis

was investigated b)" two fundamentally different techniques: homogeneous

decomposition in a free-space reactor, aTld heterogeneous decomposition in a

rluid-bed reactor, l)ecomposition 01" s.ilalle in a free-space reactor results

in the production of submicrtm silictu| particles which require :l further

step of consolidation into a more :_cceptnble form of product. As part of

.15



Inconel Thermocouple o
Sheath 36 hours @ 500 C

i ,

• "/,' . _i _')'._... ,. !; ":.,:"_....'I_:

.._, _. . / ..,.. :,: ,.,.._,,_ __
' " " -_'_" _ -- /.._ _._l" '' :'-"z_:"_ '_'':__
lncoloy-800

_'.,, )_ _.._,.'! Chrome Plated I'__PI_..I'_til

Inconel 825 316 Stainless
Steel

I:I{;URI_ 3-8

Test Coupons from

Hydrogenation Reactor
36 hours @ SO0 °C

IIYI}RO{IliNATI{}N RI'2A{71'_}R {:{}RI_OSION TEST COUPONS

4{,



this program, the feasibility of melting the free-space pyrolysis powder in

quartz crucibles and of suction casting _/4-inch diameter polycrystallJne

•rods was ;1]._o demollstrated,

Ilomogeneous gas phase decomposition of stlane is accomplished in a

quartz-lined free-space reactor. Silane is introduced as a turbulent jet

vertically down into the reactor. The reactor walls are kept hot by external

heating. The injected silane, mixing with hot recirculating gas in the

reactor, heats up rapidly and decomposes into silicon powder and hydrogen.

The decomposition is exothormic with a heat of reaction 8.1 k cal/mole.

The reaction starts at temperatures above 400°C and becomes extremely rapid

above 600°C. In the operation of tlie free-space reactor, it is essential

that silane decompose completely before it contacts the wall to preclude

silane decomposition and silicon deposit formation on the wall and subse-

quent plugging of the reactor. The actual iocation of the reaction zone is

determined by the interaction of fluid dynamics, heat and mass transfer, and

reaction kinetics. In the free-space reactor development, the emphasis was

on demonstrating the feasibility of silane pyrolysis.

The pyrolysis-product silicon powder is separated from the effluent

hydrogen by a porous metal filter, and the powder is collected in a hopper.

This po_'der is typically less than one micron in average particle diameter,

and has a lo:_ bulk density. Because of these characteristics it would be

difficult to transport the pouder to off-site locations without contamina-

tion. For this purpose, compaction and sintering were investigated as a

means of consolidating the powder. AIthough the rapid pulling of poly-

crystalline rods was not investigated, a rough economic study compared the

cost-effectiveness of this technique with that of suction casting rods on

a commercial scale. Various free-space reactor pmvder melting and casting

techniques were investigated as a means of obtaining fully dense silicon

for sample analysis. These methods were the suction casting of rods,

vacuum casting c,f pellets, and cold mold casting. It was also demonstrated

that the free-space reactor powder could be melted directly in Czochralski

furnaces _,'ithout prior consolidation.

.17



In the alternative fluid-bed pyrolysis concept, silane is decomposed

heterogeneously on hot silicon seed particles. _le resulting silicon

coatings are of high purity; the free-flowing characteristics of the parti-

cles offer the potential of direct feed stock for a Czochralski furnace.

This concept is attractive as a backup or alternate system to free-space

pyrolysis, particularly to meet tile 1986 cost/performance objectives of the

LSA project. However, this method is still in an early stage of development;

it requires considerable R&D work to determine its capability. In the

reported phase of work, preliminary experiments were conducted to study

the feasibility of this concept. These experiments included pyrolysis

experiments using dilute silane as well as inert gas fluidization and bed

heating experiments. A theoretical model was developed to simulate plating

reaction in a fluid-bed reactor. An in-depth technical assessment of fluid-

bed pyrolysis technology identified critical areas that require further

development. Finally, a preliminary economic analysis assessed the potential

cost-effectiveness of this pyrolysis method toward meeting the 1986 goals.

This analysis, though of a preliminary quality, has indicated that tile cost

of pyrolyzing silane in a commercial fluid-bed system with 10% feed silane

concentration, could be less than $1/kg (exclusive of silane cost). Thus,

it is concluded that, if technically successful, this approach has an

excellent potential for meeting the 1986 cost goals. To resolve the tech-

nical uncertainties and advance this technology, a comprehensive R&D program

has been recommended in the proposed Phase III program.

_e work accomplished in silane pyrolysis and silicon consolidation

under the reported phase is described in detail below. The discussion is

divided into the following subsections:

3.2.1

_.2.2

3.2.3

Free-space Reactor

Free-space Reactor Powder Melting and Consolidation

Fluid-bed Silane Pyrolysis

.18



3.2.1 Free-space Reactor

3.2.1. l lh'ogrmn []oals

The objective of the free-space reactor program was to demonstrate

the feasibility of-converting silane (Sill4) into semiconductor-grade silicon.

As an example of this demonstration, the conversion was to be maintained

for five continuous eight-hour experiments at a silicon production rate of

0.5 kg/hr. During this five-day demonstration, the free-space reactor would

not be opened or serviced except for the pneumatic removal of the silicon

powder that accumulated in the settling chamber located beneath the reactor.

This powdered silicon was to be converted into a dross-free liquid. To

achieve all this, it was necessary to develop a filter system for separating

the powdered silicon from the gas phase, devise various means of conveying

the powder from the settling chamber to a melting furnace, design a furnace

capable of melting the powder continuously, and connect the free-space

reactor and melter together in a manner that would minimize exposure of the

si.licon powder to atmospheric contaminants.

3.2.1.2 Equipment and Reactor Model

3.2.1.2.1 Reactor and Settling Chamber

The Current free-space reactor evoh, ed from engineering design

data obtained through the operation of smaller units. The reactor is a

Schedule 80 bionel plpe, 91,1 mm long, wlth an inside diameter of 19.1 ram.

An induction coil, 010 mm long, was centered on the Monel reactor. 'the

imluction coil was energized by a 30 KW Ajax Magnathermic Corp. induction

heating power source operating at an output frequency of 4200 llertz.

Figure 3-9 shows the reactor positioned on top of the powder collection

[settling) chamber, and Figure 3-10 is a schematic of the settling chamber.

The top of the reactor contained a water-cooled, pressure-tight, stainless

steel lid. A water-cooled injector projected through the center of the

lid ll.l mln into the reactor. The injector height was adjustable, and a

Swagelok fitting permitted a leak-tight seal. The current lid, shown

.19



FIGURE 3 - 9

FREE-SPACE REACTOR AND SETTLING CHAMBER ASSEMBLED
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schematically in Figure 3-11, eontai.1:ed a porous metal sheet (30 l_m average)

pore size) through which a gas could be fed into the reactor. The lid aiso

contained a mechanical powder stripper that could be extended a maximum of

152 mm into the reactor. One part of the mechanical stripper surrounded

the water-cooled injector; a ring fastened to the same plunger rod was

slightly smaller than the reactor I.D. The inside of the reactor contained

a quartz liner.

A hydraulically operated lifter was used to position and remove

the reactor from the settling chamber. Beneath the induction coil, the

reactor was insulated with a 50 mm thick layer of Johns-Manville Cerafelt.

A 102 ram high removable collar of Cerafelt was also positioned above the

induction coil. Figure 3-12 is a schematic of the gas flow control system.

Auxiliary equipment included a hydrogen detector (TLV Sniffer, Part No.

23-73S6) for leak checking and for detecting external leaks whi.le in operation

at elevated temperatures, a 24-position recorder, a NRC vacuum gauge, and a

Igelsh Duo Seal vacuum pump (Model No. 1397).

Also shown in Figure 3-12 are hygrometer probes (Panametrics, .........

Model 2000 hygrometer) that were positioned in the gas line attached to the

injector and in the gas exhaust line. The probes continuously monitored the

dm_oint of the system, which was used as an in-process monitor of air leaks.-

Thermocouples were positioned along the outside length of the reactor, and a

porous metal filter, located inside the settling chamber, separated the sili-

con powder from the gas phase. A burn port was used to burn the hydrogen

and undecomposed silane. The gasket material in beat-affected areas (e.g.,

reactor-to-lid and reactor-to-base seals) Was Grafoi_ Swagelok fittings

with either Teflon or stainless steel ferrules were the predominant pipe and

tube connections. "

*(;rafoi_is a registered trademark of tin[on Carbide Corporation.
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1

3.2.1,2.2 Connected Assembly

To produce semiconductor- grade palycrystalline s:ilicoil, a con..

nected assembly _a-_ developed capable of produc:[ng and melting silicon

powder without exposing it to atmospheric contaminants. The connected

assembly (Figure 3-13) minimized pmqder handling and eliminated the need

for opening and contaminating the reactor assembly. In practice, po.qder

that was produced in the free-space reactor accumulated in the settling

chamber. After terminating an experiment, the free-space reactor and

settling chamber were purged with argon and cooled to room temperature.

To comply with safety regulations, silicon powder could not be transferred

out of the settling chamber until it was purged of hydrogen. The storage

hopper was located approximately 2.4 m higher and 3.4 m away from the

settling chamber. The most effective powder transfer was realized by

reducing the pressure in the storage hopper below ambient using the

suction of a commercial vacuum cleaner while simultaneously pressurizing

the reactor and settling chamber combination with argon to approximately

5 psig. lghen at pressure, the ball valve connecting the two systems was

opened for four seconds. The pressurization/depressurization sequence

was repeated four times when the settling chamber contained approximately

4 kg of silicon powder. This quantity of powder could be transferred to

the storage hopper in less than three minutes.

_le powder storage hopper had a capacity of I00 liters. The hopper

lid contained a porous metal filter (30 _m average pore size) for gas powder

separation during pneumatic powder transfer from the settling chamber. The

fluid slide located in the conicallyshaped lower portion of the hopper

aided in gravity feeding of the powder to the bottom of the hopper. A

vertical auger inside the hopper with an attached sweep-arm controlled the

rate of powder discharge from the hopper.

.IP

._igure 3-14 is a view of the inside of the melter showing the

quartz feed tube and auger. The 46 mm diameter quartz feed tube extended

from the bottom of the hopper at a 100 downward pitch. The enclosed auger

directed the silicon powder to the vertical section of the quartz •tube
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I

where _t.: foil into the quart;: melting c.ruc:i.ble. Thermocoup.le;; positioned

adj:_eent to .'rod touching the bottom of the graphite su:;eeptor were used

to monitor the tel,peratm'e of the system,

3.2.1.,2.3 Reactor Model and lleat.-transfer Mechanism

Qualitatively, the operation of the free-space reactor is as

sketched in Figure 3-15. Silane gas enters the heated reaction clu'mber

as a free axi-syll_metric jet whose behavior, as far as its entrainment

characteristics are concerned, is like a submerged jet developingin sur-

round'rags consisting of a higher-density fluid. The silane jet expands

and ultimately reaches the reactor wall; the remainder of the reactor is

a region of parallel flow development. The silane is heated by mixing with

entrained hot fluid (a mixture of gas and fine particulates) from the re-

circulation zone, and by radiation from the hot reactor wall. At elevated

temperatures, this reaction is almost instantaneous.

%vo mechanisms were considered for transferring heat from the

reactor wall to the fluid surrounding the submerged jet. --.One heat-transfer

mech:mism was based on convectivecorrelations. A second heat transfer

mechanism was based on transferring the heat by radiation from the reactor

wall to a gas containing fine particulates. }:or the com'cctive correlalim_

mechanism, a reactor wall temperatt_re several hundred degrees higher than

the experimentally measured wllue was. calculated. The radiatioll heat-

transfer mechanism yielded close to the measured wall te|nperatuf'e for

reasonable values of all parameters. Consequently, it was felt that

radiation was tile dominant mode of heat transfer.

3.2.1.3 Silane Pyrolysis lixper.i.ments

W

3.2.1.5.1 I'yrolysi:a I!t'ficiency

m

,4",

A qualitat ire corrclatitm was lllade betweell the color of I]ic ex-

haust flanie and the silane-to-silicot| conversion efficient)'. When tile outer

fringe ot: the flame was white, while the bull, of the flame was colorless or

light orange, the conversion efl'iciency was apt_roximately 99"... When the
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entire flame was white, bordering on bright white, the conversion effi.c:iency

was approxinlately 97°,i. For lower efficiencies, the flame l_ecame a brilliant

white and it was impossible to distinguish_marked differences.

The efficient conversion of silane-to-silicon in the free-space

reactor was dependent upon the transfer of heat into the core of the injected

silane stream. Several experiments wore conducted to determine the minimum

operating temperature for the complete conversion of silane-.to-silicon at

various silane flow rates. A constant silane volume throughput was maintained

while the reactor temperature was varied. The color of the exhaust flame

was monitored as an indication of the conversion efficiency. The data

(given in Figure 3-16) showed that for the current reactor-injector configur-

ation, a reactor wall temperature near the center of the hot zone of at least

800°C was needed for complete conversion. When silane was injected into the

free-space reactor at a Reynolds number below 2000, a higher reactor tempera-

ture was needed to obtain complete conversion. A Reynolds number greater

than 2000 corresponds to a turbulent jet stremn. Similarly, for Reynolds

numbers above 6000, the reactor temperature had to be gradually increased

above the 800°C minimum to accommodate the higher gas velocities. Small

increases in temperature above the threshold value greatly increased the

efficient production of silicon for the given reactor configuration.

Thermod)_amic calculations* indicated that an adiabatic conver-

sion of silane-to-silicon may occur at approximately 400°C in the free-space

reactor. The kinetic data (Hoguess, Ref. 2) indicated that the reaction

rate at that temperature was too slow to support an efficient decomposition

in this reactor. A minimum silane-to-silicon conversion of 97% was not

obtained when the reactor wall center temperature was below 800°C.

3.2.1.3.2 Demonstration of Reactor System Capability

As a demonstration of the capability of the current free-space

reactor, silicon powder was produced from silane at the rate of 2.8 kg/hr

*Thermo-chemical data obtained from the JANAF Tables (Stul! and Prophet,
Ref. 3).
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for one hour. In addition, the _'ree-space reactor was operated for 40 hours,

producing silicon powder at the rate of 0.5 kg/hr. The 40-hour run consisted

of five (5) consecutive eight-hour experiments in which the reactor wall

(near the gas injector tip) was kept at 715 o + 15°C. At two-hour intervals

during each eight hours of operat.ion, the powder stripper was lowered 152 mm

and then raised to touch the water-cooled lid (refer to Figure 3-11). Inmledi-

ately thereafter, argon was pulsed through the porous plate to dislodge any

powder that might have accumulated on the lid. A three-second burst of argon

through the outer cavity and then through the inner cavity was used. The

mechanical strip and argon pulse procedure was repeated followed by a mechan-

ical strip.

The silane flow into the reactor was not altered during the powder

dislodging procedure. After each eight hours of operation, the powder dis-

lodging sequence was also repeated before the free-space reactor and settling

chamber assembly were purged with argon, i?nen the reactor had cooled to room

temperature, the silicon powder was pneumatically transferred to the storage

hopper. Between eight-hour runs, the reactor was not opened. After the

fifth run, the powder stripping sequence, -- argon flush, cool-down, and

pneumatic powder transfer -- were conducted. Subsequently, the reactor was

dismantled and inspected.

The lid, injector, and stripping mechanismwere free of powder

with no indication of a silicon or silane reaction with any of the components.

This included the mechanical stripper which momentarily prcjected approxi-

mately 38 mr, below the tip of the injector during a powder dislodging opera-

tion. The top 152 mm (the length of the stripper stroke) of the reactor

had a very thin (1 to 2 mm) coating of loose silicon powder. The powder

adhering to the quartz liner in the next 80 nun from the lid,-tapered from

very thin at the ends to a maximum center thickness of (_0 ram. Most of the

rest of the reactor liner contained randomly spaced nodules (10-25 mm

protrusions) of attached powder Idth quartz visible between some of the

nodules. Beneath the powder deposits, the quartz liner remained intact.

Lower sections of the quartz liner were rainbow colored. The settling chamber

was empty except for small powder deposits perched on protrusions (nuts,
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bolts, tubing, etc.). It was inferred feom the results ot7 the 40-hour opera-

tion that the eight-hour experiments could have been continued indefinitely.

After each of the five consecutive eight-hour experiments, it was

demonstrated that the silicon pmqder could be transferred via connecting

pipes to subassemblies and further processed without exposure to atmospheric

contaminants. After each eight-hour experiment, the silicon powder was

pneumatically transferred to the storage hopper. Powder bagging capabilities

were demonstrated by discharging powder produced in the first three runs

from the hopper directly into attached plastic bags. The discharge rate was

controlled by the rotational speed of the vertical auger inside the hopper.

Pm_,der from the last two runs of the series was used to demonstrate that

free-space reactor powder could be fed directly through additional pipes to

a melter. This operation was also carried out under an argon atmosphere.

h description of the melter and the melting operation is given in Section

3.2.2.3, Melt Consolidation. A description of the cast product follows.

3.2.1.4 Product Properties

3. "_.1.4.1 Silicon Powder Morphology

The morphology of the silicon powder formed in the free-space

reactor depended upon operating conditions. The powder obtained from ex-

periments conducted at reactor center walt temperatures around 950 ° to

1000°C _,'as light brown in color, while the powder formed below 900°C

tended to l_e light to dark gray. The high-temperature brown powder exhibited

poor flow characteristics. As the pmqder color changed from light to dark

ilray with decreasing temperature, the flow characteristics improved. In

addition, the average surface areas (as determined by the BET gas adsorption
"3

method) of the silicon powders increased from approximately 4 m2/gm to 10 m'/gm

_,'ith increasing temperature. Calculations of the average particle size

(based on spherically shaped particles) ranging from 0.6 um to 0.26 urn,

rcsl)CCtivelT, were in agreement with scanning electron microscope (SEbl)

observations. _e silicon powder formed at center wall temperatures below

900°C had bulk densities in the 0.12 to 0.17 g/co range. The high tempera-
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turc powder had bulk densities around 0.01 g/cc. All powders examined had

particles ranging in size from submicron to low micron. The SEM micrograph

(Figure 3-17) shows that the smaller particles were nearly spherical in

shape, while the larger particles had a botryoidal form.

The size of the particles obtained in the free-space reactor was

also dependent upon conditions other than reactor temperature. For example,

preheating the silane before injecting it into the reactor tended to reduce

the average particle size. Injection of the silane into the bottom of the

reactor and exhausting gas out the top had the reverse effect; average

particle sizes of I-2 microns were obtained. Insufficient data are presently

available for predicting the precise nature of the silicon powder obtained

under all reactor operating and configuration variations.

3.2.1.4.2 Gas Injector and Reactor Wail and Lid Deposits

During all silane pyrolysis experiments, some of the silicon

powder was deposited on the gas injector and on the reactor wall and lid.

When the free-space reactor was operated (without the mechanical powder

stripper) at a silicon production rate of 0.5 kg/hr., the powder bridged the

reactor, below the injector tip, some time between six and eight hours after

starting. Initially, the bridge was very porous. Experimental evidence

indicated that some bridges contained channels. Once the bridge formed, it

was only a matter of time before sufficient resistance to the flow of silane

would register on the flow meter. After some experiments, massive growth

of agglomerated and chemically vapor deposited silicon was found attached to

the bridge silicon. The reactor lid modifications (installation of a mechan-

ical stripper and a porous lid plate for gas flushing) and alterations in

the operating procedure prevented the powder from building up to a critical

thickness.

Two additional silicon growths were observed. The first was a

cone-shaped growth attached to the top of the injector. This growth had

a hole through the center, and, although not bonded to the injector, seemed

to be an extension of the injector. Unlike packed powder, the cones had

structural integrity and, in some cones, dense metallic silver layers were

(:4
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seen. It was found that no injector tip deposits formed when the tempera-

ture inside the reactor near the.gas injector tip was kept below approxi-

mately 600°C. The second deposit also had structural integrity and evidence

of some dense metallic sections. This deposit was firmly bonded to the quartz

liner, where the expanded silane jet reached the q-mrtz, and grew toward

the symmetry axis of the reactor. It was found .that this deposit did not

form when the outside reactor wall temperature near the center of the hot

zone was kept above approximately 800°C. To prevent the deposits with

structural integrity from forming on the injector and wall, the free-space

reactor was operated under a controlled temperature gradient. This was

accomplished by water-cooling the reactor lid, positioning the injector

tip 114 mm from the lid, and operating the reactor at a minimum wall temper-

ature (near the center of the hot zone) of 800°C.

3.2.1.4.3 Silicon Purity

Impurity analyses of free,pace reactor powder and cast samples

were conducted with an emission spectrograph using the cathode-layer technique.

An impurity concentration technique coupled with emission spectrographic

analysis was also attempted; however, contamination attributed to processing

and handling occurred. After long-duration and consecutive experiments were

conducted (with the reactor remaining closed between experiments), impurities

were no longer detected with the cathode-layer technique. No impurities were

detected by the cathode-layer technique in fragments from the 152 mm diameter

castings obtained from the melt of the last two consecutive runs.

3.2.2 Free-space Reactor Powder Melting and Consolidation

3.2.2.1 Program Goals.

The objectives of the consolidation segment of the program were to:

1. Provide an inexpensive, high-purity feedstock for the

fluid-bed reactor.



2. Denlonstrate that free-space reactor powder can be

densified into an acceptable form for transporting

and melting for single-crystal or ribbon growth.

, Demonstrate that as-formed powder can be melted,

producing semiconductor-grade polycrystalline silicon

or melt.

3.2.2.2 Compaction and Sintering

Several methods were investigated for consolidating the free-space

reactor powder. One method involved vacuum-sintering the free-space reactor

powder that was poured (not packed) into quartz crucibles. Initially, the
?

powders had an apparent density of 0.12 g/cc and a surface area of 7°5 m'/g.

_en sintered at t300°C for one hour, the powder densfty increased to
2_

0.50 g/co and the surface area was reduced to 0.8 m /g. Figures 3-17 and

3-1S show scanning electron micrographs of the free-space reactor powder

in their as-produced condition and after the 1300°C treatment, respectively.

Loose powder sintering was effective in promoting particle growth, but did

not appear promising as a means of reducing the total volume of the material.

Free-space reactor powder was dry pressed in single-action steel

dies. No binders or lubricants were added. Pellets compacted at a pressure

of 16,000 psi (110 MPa) appeared to be free of delaminations; however, de-

laminations were apparent after sintering at 1375°C for one hour. A green

density of 47_ of the theoretical Value was obtained. The sintcring increased

the strength of the pellets but did notsignificantly increase their density.

4 j"t .,

Free-space reactor powder was isestatically pressed. This process

consisted of filling a flexible mold with powder, sealing it, and then sub ......

jetting the mold to a fluid pressure. The pressure acted uniformly in all

directions on the powder. Small compacts (38 nun diameter x 203 mm long

rubber bag molds) were crack free and were used to determine the green

density as a function of compaction pressure (data Shown in Figure 3-19).

Large compacts (121 nun diameter x 559 mm long mold) broke into several pieces

after pressing at 20,000 psi (138 MPa). Isostatic pressing of free-space



FIGURE 3 - 18

SEM MICROGRAPH OF LOOSE FREE,SPACE REACTOR POWDER SINTERED AT i_00 °C (SO00 X)
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re_cror powder may be a ._uitable mean.", of increasing the bulk den.'_ity of

pounder to facili.tato ._;hipment _ml ';tor_ge.

Free-space reactor powder was rolled directly into fl.ake:_ and

sintered for one hour at 1350°C. A SF,bi mtcrograph of a sintered flake

{sholvn _n Figure 3-20) revealed that the edges of the flake had undergone

significant particle growth or Coalescence. X-z'ay fluorescence analys:i.s

revealed that iron, nickel, and chromi.um were present. -These elements were

probal_ly introduced dur:ing tile rolling process and may have acted as sin-

tering promoters. Additional work on direct rolling of free-space re_lctor

powdcr will be necessary to minimize contamination.

3.2.2.3 Mclt Consolidation

The melter for free-space reactor pounder consisted of a furnace

containing a 152 m,i diameter quartz crucible. This-melter is the last link

in the connected assembly and was not used for quality control. Figure 3-21

is a Schematic (not to scale) of the melter. _During melting operations,

silicon powder was transferred'from the storage hopper through the quartz

tube (which has a I0° downward pitch) by means of the enclosed auger.. The

powder was dropped through "the vertical section of the quartz tube into

the quartz crucible, The end of the tube projected slightly belo_q the

rim of the crucible. The crucible whs supported by a graphite susceptor

that was supported by an alumina pedestal. Five layers of carbon felt*

and a cylindrical opaque quartz sleeve surrounded the susceptor. The induc-

tion coil (energized by an Ajax power source _hose maximum output is 30 KW

at a frequency of 4200 Hertz) was positioned around the quart: sleeve. The

induction coil and internal parts were enclosed by two cours6s of firebrick.

The base of the furnace Was Transite and firebrick while the lid was a split

graphite plate wrapped in grafoil_** (a radiation shield). Fircbricks-were

placed on top of the grap}iite p.late. Two sight tubes, a vent, and three

argon inlettubes, projected through the lid. Argon was also introduced

* Union C,nrbide Corporation Grade lVDF carbon felt.-*

** (;rafoi_ is a registered trademark of Uni6n Carbide Corporation.

7O



FIGURE 3 - 20

SEM MICROGRAPII OF A SINTERED FLAKE
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through the "l'r;ms:lte base_ The outer sides of the furnace cons lsted of

plexiglass sealed against an aluudnum frame.

The largest dross-free silicon casting produced from free-space

reactor powder was 5.3 kg. 'the powder for tMs casting was fed continu-

ously into the melter from the storage hopper at a progra_ned rate. At

the start of a run the powdered silicon was slowly fed into the hot

(!550°-1600°C) crucible. Once the molten puddle of silicon was obtained,

the silicon appeared to suscept, and the power required to maintain

temperature decreased approximately 20 percent. As the surface area _f

the molten silicon increased, the powder feed rate was increased. For

the 5.3 kg melt an average melting rate of 2.8 kg per hour was obtained.

For another melt, a melting rate of 6 kg per hour was maintained for 35

minutes. During those 35 minutes, the powder melted as rapidly as it was

fed into the quartz crucible. Figure 3-22 is a photograph of one of the

dross-free castings. The quartz crucible typically fractured at the silicon

interface; the top portion of the crucible is not shown in the photograph.

During the powder melting operation, very little silicon powder dispersion

occurred inside the furnace assembly.

Two separate melts were made from free-space reactor powder pro-

duced in the fourth and fifth experiments of tile five consecutive runs.

Attempts were made to select quartz-free fragments from each casting and

have Crgsteco, Inc., pull 5 cm diameter <111> orientation crystals. Every

effort was made to minimize the introdu'tion of contaminants not associated

with the process of producing the silicon powder and melting it in the

com_ected free-space reactor assembly. Consequently, the silicon frag-

ments sent to Crysteco were not acid-leached or washed. Crysteco reported

that after the two charges were melted, quartz slivers and flakes were

seen floating on the melt surfaces. The floating quartz particles inter-

fered with the single-crystal pulis and a boule was obtained that was half

single and half polycrystalline while a second boule was cntirel)' poly-

crystalline. These cr>,stals will be evaluated by llnion Carbide Corporation

in the near future.
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ln add:i.t:[onto 111eltJll)_free-.space _'enctor powder ¢ontinuot|,;ly J.nthe

melter, compactedpowdm"w;_salso melted and cast,.- Approximately 2 kg of

free,space reactor powder was isostati.cally ¢olnpacted at 20,000 ps_ (1:_8 MPa),

The COIIIpllct7 h'llS I'l':lctllt'_'d ill1o i I'l't'j_llJill'-.qhllped ['I'llJ_IIN'IltS which wt'l'e loaded illlO

th_ melt_r as shmm in the schematic of l'igt!re 3-23. The charge was divided

approxima'_ely 50/50 bet_;een the crucible anti the feed tube. During melting,

practically no smoking occurred, and clean casting was obtained.

3.2.2.4 Casting blethods

The silicon powder produced in the free-space reactor could not be

fully characterized in its as-formed state. Several methods were investi-

gated for melting and casting the silicon into full), dense, crack-free forms.

The methods investigated were suction casting of rods, vacuum melting and

casting of pellets, and chill-mold casting. The first two methods provided

solid silicon samples for quality control. Suction-casting and chill-mold

casting methods have the potential of providing a polycrystalline silicon

form acceptable to the single-crystal growers. They also provide a means of

extracting silicon from quartz melting crucibles for multiple melting and-

casting cycles.

3.2.2.4.1 Suction Cast Rods

The suction casting of silicon rod _qas demonstrated using a

modified version of the melter described in Section 3.2.2.3, bielt Consoli .....

dation. After the charge _¢as fully melted, the temperature of the molt

was adjusted to slightly higher than the melting point of. silic6n. One enJ

of an open-ended-quartz tube was inserted into the melt. The silicon was

sucke0 up the tube by rapidly reducing the gas pressure inside the tube.

Rapid cool.ing and solidification of the silicon occurred due to radiant

heat losses. For most castings, the l"apid cooling prevented the silicon

from _'cacting with the quartz tube. After the end of the tube that was

submerged in the melt was broken off, the cast rods _¢ere slid out. In .mine

cases (where silicon _,'et the quartz, or the quartz was bent, or contained

a necked-down region), the quartz tube had to be broken to release the

!
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¢asth_g,. Figure 3-2.1 is a photograph ot7two cast:ings. Silicon rods ranging

fl'O]ll ._ ]lira to 1_._ ]]l]]_ .1.n di;llllOt_l" ,qlld lip to 31)0 toni lOllg were suction cast,

3.2.2.4.2 Vacuum--ca._t Pellets

A method was developed for melting silicon and casting it under

vacmun conditions into crack-free, so tid pellets for rap it_ product and

process evaluation. The polycrystalline silicon properties that could be

determined from the pellets were electrical resistivity, conauctivity t)q_e,

and purity. Silicon was loaded into a specifically designed q_mrtz test tube

(24 mm diameter x 152 nun long). The lower closed end of tile tube was a

blo_,'n bubble ut_ose wall thickness _qas approximately 0.1 ram. T!',e tube and

silicon uere heated in a vertical graphite resistance furnace under vacumn.

The molten silicon solidified in the thin wall bubble, which broke on cooling,

leaving a silicon pellet free of cracks. Adhering quartz was removed with

hydrofluoric acid. A typical vacuum-cast pellet, sectioned, is shmm in

Figure 3-25. The protrusion at the surface of the pellet was the last

silicon to freeze.

3.2.2.4;3 Cold-mold Casting

f:ii 4

A single, cold-mold, casting-experiment was performed to demonstrate

feasibility. The casting procedure was to melt silicon in a quartz crucible

at atmospheric pressure under an inert atmosphere. A clear quartz siphon

tube was then inserted into the silicon. The other end of the siphon tube

u'as lower than the melt and projected into a tapered graphite tool.1 housed

in a vacuum-tight chamber. Once the siphoning action was started (by re-

dtlcing tile pressure in the vacutml-tight chamber), the molt e,_ s il icon flou'ed

continuously into the graphite mold. Cold-mold casting may be adapted to a

conttmmus melting and casting process in which castings of any desired cc:',-

figuration can be obtained. The life of the quartz melting crucible would

he extended while the cold mold itself can be fabricated out of a variety

of materials (e.g., graphite or water-cooled copper). The casting did not

adhere to the graphite mold.
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3,2.2.5 Comparati.veI!eonomicsof Suction Casting and Rapid Pulling

A comparative economic study o¢ two methods of silicon consolida-

tion, namely suction casting and rapid pulling of polycrystalline ingots,
was conducted at a commercial scale of 1000MT/year. The technique of

suction cnsting is labor intens£ve and _s likely to consume large quantities

of oxpensive quartz tubes. For a commercial plant, large-diameter rods,

typically 3 inches in dim, eter by 3 feet in length, must be cast. With the-

current technology, the quartz tubes }lave a tendency to break while the rods

are being w_thdrawn. On tile other hand, polycrystalline silicon rods can be

rapidly pulled [n a standard Czochralski crystal-pulling machine. The pull

rate depends primarily on the temperature gradient at tilegrowth interface

in the solid crystal. A single crystal 4 inches in diameter can be pulled

at a rate of 4 inches/hour, whereas a polycrystalline rod can be pulled at

a faster rate.

The process sequence and time-requirements were developed for

suction casting and rapid pulling assuming that multiple charges can be

processed from a single (30S mm diameter) crucible up to a crucible life

of 70 hours. -Melt rate of free-space pyrolysis powder was taken to be

I0-kg/hour, which is the observed rate for polyerystalline rod. Tile estimated

net consolidation rate per melter is "tpproximately 6 kg/hour for suction

casting nnd 2 kg/hour For rapid pulling. For a commercial, plant produc[ng

I000 Mr/year (135 kg/_Imur,_5% on-stream) of polyerystalline silicon rods,

23 melters for suction casting and 68 crystal pullers for ral)_£dpulling are

required.

,I
C

The economic model for thLs study was based on a iS-year project

life; iO-year, sum-of-digits depreciation; 46% federal income tax; ._years oC

construction time; und 20% I)CF rate. The estimated consolidation cost for

both suction casting-and rapid pulling techniques were approximately i.nthe

range of $7 to $8 per kg of silicon. The large operating cost of quartz

tube replacement for suct i.on casting is balanced by increased investment

charges for the raptd-pulli.ng technique. With the present-day technology,

neither of these consolidation techni.ques are, thus, projected to he cost-

effectLve for meeting the DOE/JPL 1986 goal of $10/kg overall price of-

8O



semicomlucto_'-grade silicon suit;Ible fo_' nmking .solar cells. Ilnpid Imlling,

howevel.', offers lhe adv_lnt-agOs of le_s developmel_t e":forl and bottel'-qualitv

produ,ct Sallqlles.

For meeting tile 1986 p_,.ice ob.jeet:ives, othel' consolidat:ion methods

._uch as heterogeneous fluid--hed si.l.ane pyrolysi._, molten s:itic.on shotti.np,,

or direct feeding i,to (:zoehrnlski s:ingle-cl'yst_ll units should be evaluated°

3.2.2.6 Melter Development Cot EPSDU

As discussed in Section 3.2.3.3, tile free-space pyrolysis powder

ca_l be controllably transferred to a nlelter and melted continuously with

minimum degassing and dusting. Consequently, free-space pyrolysis powder

has the potential of being fed directly into a crystal-pulling furnace.

Furthermore, convincing discussions with vendors of commercial melting

equipment indicate that a commercial Czochralski crystal-growing apparatus

can be modified to accept silicon powder as a feed and to produce p01y-

crystalline silicon rods. The melter for the EPSDU will be developed jointly

with one or two vendors. For this purpose, Hamco of Rochester, NY, and Siltec

oi: Menlo Park, CA, have indicated their interest in developing suitable

melting and consolidation equipment for free-space pyrolysis powder. }lamco

has opted to develop rapid pulling of polycrystalline rods as the preferred

consolidation scheme. Siltec's preferred approach involves transfer of

molten liquid silicon into a semi-continuous, water-cooled, solidification

chamber where a semi-crystalline ingot is pulled. Development and design

of a melter System for EPSDU is expected to be accomplished in the proposed

next phase of JPL-sponsored work.

3.2.3 l:luid-I_,ed Si. lane Pyrolysis

!

:_.2.3.I Program Goals

.8, .

The fluid-bed pyrolysis of silane involves heterogeneous decom-

position of silane gas on hot silicon seeds to produce free-flowing particles

of silicon. The method offers the potential, for converting high-purity
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silan¢ into pure silicon that can be dii'octly processed using standard

Czochralsk_ technology.

As a result of the. Phase i, _lod 6 program, si].an¢ has been success-

fully pyrolyzed in a see-th1'ough, flu:id-bed reactor at high efficienc:ies

yielding dense, coherent plate on seed particles without generating excessive

quantities of fines. Long-term (48-hour), conthmous operation of the flu:id-

bed reactor and gas distributor _.,,asdemonstrated. Experiments were also con-

ducted in horizontal reaction tubes to better understand and identify the

conditions favoring the formation of silicon plate, powder, and fibers.

During Phase If, an analytical model for fluid-bed pyrolysis was

developed and direct heating of bed particles by capacitive means was demon-

strated. Also, fluidization experiments were conducted using inert gases

and a preliminary economic analysis of the fluid-bed system for a commercial-

scale operation of I000 _/year was developed.

3.2.3.2 Silane Pyrolysis Experiments

3. °..3...° 1 Fluid-Bed Pyrolysis -

• EquiPment

During the course of tliis program,-see-through reactors were

used to study the behavior of spouting beds, spout fluidized beds, and

fluidized beds. A water-,cooled gas distributor uas developed for Studying

the behavior of fluidized beds. The current reactor consists of a cylindrical

85 1.1m I.D. glass tube (either qu,lrtz or Pyrex) that extended below the g_ls

distributor and the resistant heating elements (Figure 3-26). A graphite seal

between the gas distributor and the glass tube prevented the silicon seed--

bed partl.cles from falling below the gas distrib_Ltor. AnO-ring seal a.t the

top and bottom of the glass tube kept the reactor pressure tight. A flota-

tion collar filter a_sembiy was positioned at the top of the reactor to trap

elutriated fines. Figure 3-27 is a schematic of the gas-flow train. For

long-duration experiments, a manifold permitted the exchange of silane c>'lindors

_'ithout i.ntcrruptJ.ng the pyrolysis equipment.
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Early in the progrmn, the conical bottom of the glass reactor

contained a single-orifice gas injector. This configuration was unsuitable

for elevated temperature studies. Several design modifications ensued until

a flat-topped gas distributor was designed. The flat-topped distributor was

water-cooled and contained the graphite pressure seal previously described.

N_en spouting or spout fluidized bed behavior was studied, the top of the

distributor contained a central 2 nun diameter orifice surrounded by a porous

metal plate (30 micron average pore size). Gases could be introduced into

the glass reactor through the central orifice, through the porous metal plate,

or through both simultaneously. In the final gas distributor design, (Figure

3-28), the top surface consisted of a porous metal plate (30 micron average

pore size) without a central orifice. Approximately one half of the porous

metal surface was attached directly to the water-cooled base by brazing.

With the current design, the temperature of the porous metal surface was

below 300°C when the bed of fluidized silicon particles was at 950°C.

To prevent elutriation of silicon fines from the fluid-bed reac-

tor, a porous metal filter assembly was attached to the top of the glass

reactor tube. The filter (30 micron average pore size) was contained in a

cylindrical stainless steel case. The filter assembly was larger in I.D. than

the reactor and fit over the top of the reactor without resting on the glass.

It was supported by an overhead cable. The base of the filter assembly was

attached to a Viton disk which, in turn, was attached to a collar sealed (by

means of an O-ring) to the upper portion of the glass reactor tube. The

exhaust gases were directed through a hygrometer probe and to a bubbler to

maintain the pressure within the reactor slightly above atmospheric.

• Seed-bed Source

To meet the purity objectives of the program (production of semi-

conductor-grade silicon)., a high-purity source of the seed material must be

obtained. Once the fluid-bed reactor is operational, a portion of the product

may be crushed and reused as seed material. The initial source of the seed
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materi;II ,,:oul,,I I_rOI,M_lv be obtained from ;i m;inuC;u.'tuv,,,r o( h[p,h.+l'mrity

I+olycryslalline :_ilicon. An invest i},,;lt ion sva._ ¢umhlcted to determine the

I_r:lCl icnl it)' of crtlshin!,, btllk ,._i I i¢oll iIsill},+ ;i hilllllller illi I t l|nd colic, jilw, arid

roller crtl.ghel+:_. After the first COII1111illt|lioll, the l_articles were cla:_:,i-

fled I,y gcreenin!,, into ::pecifi¢ ::ize t':mg, Cs, The particles rein:tining,+ on the

t_[, lll_.'.gh Tyler :_creell _fere t'¢l'Ll:t'lk'd tO tile ._;llllt' k'l'tl.ght'l' ;lnd _lc t_l'oct'ss

repeated. The data i_re.gented in 'l'nble lll-lt ave the ¢umul:ttLx, e yield

_tl'ter three cruMlin,e,s and classit'ications, For particles in the -35/+00

mesh si:e r;m+;e, :l 50",, yield _';Is ebtaLned tht'ough the combLne_l use of ;l

hammer mill and the rotter .rusher, The i'vee-t'tm_' and t;lp densitie.-', u_'e

presented i+n T.fl_le ll_i-l.'., which lists the aver:lge cumuJ.ative proportkes

of the silicon pavt.icles. F't_,,u,t'e 3-.:9 shol_s the t:yl_J.ca.!, :_cicu1:lr shape of

,ill. of the powder,-, examined with a sc:mnitL_,, electron microscope (SEt, F).

Ih'v and _'et tumbli.ng (polishine,) of -35/+o0 mesh particles were

cx';_.lu,lted :is ;i 111/,';111._ OI" COll++'Ol'tilll*, the ac.icul:lr particles into ;i lllol'o

spherical shape. ,\ 10.2 cm d,imneter rubber container was used for the

poliM_inil experimet_ts, _d_ich were otY .1, S, or 2.1 hours duration, blethanol

and distilled water (equal volumes) _'ere added to the pm_'der charge t'or the

_et pol. ishine, exvet, imcnts. There _'a:_ little chan,e.e in screen analysis beCorc

nnd nt't:er the txl_xt, l t_g experiments. Fx;unination oC the particle shal_e in the

5_';11111i11_'. O|_'ctl'Oll llli¢l'O._u'Ol_O did not _'t'x'e;_l Any _oticc;fl_ie decrease .i.n

pnrticl¢ ac i cul:l+t'i ty. ......

• I!x_e.r.i m.en.t ,,-;

_eX'Ct':ll gilatw l+Yrolvsis t'xl+t+'rill|elltq ',o+'r+,' ¢otldtlCted +_'ith the

,Itull ?;I.'+ diy_tril,utot', _lixture,.; of sil,_nc and helittm (from 3.3 to 1.1.5' voluntc

l+ercent :_il,_nc+ I,'evc injected into the ('tuid I,ed reactor through the ¢entt'al

otit'ice. All _.'llX't'Iol,t' 01" ]l_.'l iltlll +tlrt'otutdin+: thi.,++ itaseotl._ 11lixtttrc _,,'il,'-: u.,-+e,,l to

t'tuidi:`+, tlt,+' silicon par'titles. :\lthottgh tlt*_' intent x_'as to h,tve ,l spoilt

t'luidi:.ed bed, m, spout _+as _.q,s*_'rx',,'d wh,.'n the l,u'd+ x_'et'c at tettlt_,.'v;+tur,."_ t'_ngit W.

tr,,m 840 to lOtO°C; vevv active p,t1"ticte ruction x+ith ',i ,_,ve;il dent of slni,.fin?

W;l'. tq+'_cl'X od. I'Irt' I+l'Oduct +_ of ,I l I I_Yl'o1X's i +_ re,let itm.,_ x_ere po_+'det'ed :_i I i c,m

.ll|d _,ili,,'otl cO,Itill)'.s Oll tho :_.'_,'_I [_,It'ti.clos, No deposits _'et'e obsct'x').'d +.lit th),,

. :,,,_..>t(.,
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CUMULATIVE YIELD FOR SEVERAL CRUSItlNG METItODS

Roller Crusher*

ltammer Mill

Jaw Crusher

Cone Crusher

Feed Sto¢I¢ Size

Cumulative Yield for Mesh Size Listed

+3__!5 35/60 60/10o -10__!o

1.3.._:m to +35 mesh i 37 31 31

i0 cm Lo +35 mesh 23 43 20 14

i0 cm _o +35 mesh 81 i0 4 5

i0 cm to +35 mesh 77 12 5 6

*Tile feed stock had _o be reduced (via tile jaw crusher) to the size indicated

for acceptance through the roller crusher.

TABLE 111-12

CIB_ULATIVE PROPERTY DATA FOR CRUSIIED SILICON*

Density (g/cc)** Flow Rate see/50 g***
Crushing Tyler Free Surface Area

Me Mosl__n Flow S_!t

Cone Crusher

Roll Crusher

lhumner Mill

Jaw Crusher

35/60 1.05 1.25 - 0.03

60/100 0.91 1.14 156.64 0.06

100/250 0.85 i.i6 142.9 0.ii

35/60 1.09 1.25 - 0.03

60/100 0.99 1.27 127.27 0.07

100/250 0.95 1.31 123.58 0.15

35/b0 1.14 1.33 - 0.028

60/100 1.08 1.33 101.64 0.04

i00/250 0.98 1.31 107.9 0.08

35/00 1.08 1.28 - 0.075

O0/100 0.92 1.20 154.3 _ 0.17

100/250 0.85 1.17 154.7 0.25

4.

*The data are avera},o wllues obtal.ned after each of the crushing operations.

**The free flow and tap densities were determined using a standard procedure

established by _he Technology Department at the Parma Technical Center.

***The ASTM Deslgtmtion B213-48 _Reapproved 1970) was followed in determittitt_;

the rate of flow of the powders. The 35/00 mesh size particles were too largc
for the flowmeter funnel.
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PttOTObtICROGRAPtl OF -60/+100 blESIt SILICON PARTICLES {50 X)

89



wall of the reactor. Figure 3-29 is a photomicrograph of particle cross-

sections from a 900°C experiment. The coatings were porous and approximately

(_0% of the particles examined had coatings (maxinum_ thickness of 60 microns).

In all experiments, except one, a sin'.ill Imllou. c)'linder of s[licon grew

around the central orifice. Experiments were conducted for up to two hours

with no observable silicon deposits on the reactor wall, nor any evidence

of particle clustering.

_vo series of experiments were conducted using the flat-topped

porous metal plate distributor that did not contain the central orifice.

In one series of experiments, a 200 mm deep bed was operated in the slugging

mode with one percent silane in helium at S00 °, 600 ° , and 950°C. At the

lower temperatures, a significant (i4_) quantity of the seedbed (-35/+60

mesh) was elutriated from the reactor and remained in the filter assembly.

At all ten_eratures, considerable quantities of silicon powder were pro-

duced together with a shiny, mirror-like plated layer of chemically vapor

deposited (CVD) silicon on the inside of the quartz reactor tube. Seed-

bed particles from the elevated temperature experiments were not examined.

Photomicrographs of sectioued particles (Figures 3-30 and 3-31] show that the

coatings obtained at S00°C were porous and loosely attached to the seed

particles, while dense and more coherent coatings were obtained at 600°C.

In the second series of experiments with the same gas distri-

butor, 400 mm deep beds of -35/+60 mesh silicon particles were operated in

the bubbling mode (approximately 1.5 times minimal calculated fluidization

velocity) with 1.°_ and 3°_ silane and helium. The experiments were conducted

at temperatures of 500 °, 600 °, and 650°C. With the higher silane concen-

tration, incomplete conversion to si.licon occurred Ca silane flame was

visible at the vent port). At 600°C, higher pyrolysis efficiencies were

obtained in bubbling beds than in the slugging beds. The pyrolysis r-o-

ducts consisted of powder, CVD coatings on the inside of the reactor wall,

and particle coatings. Scanning electron micrographs of the particles

showed a nodular growth indicative of dense coherent plate on the seed

particles from all bubbling-bed experiments. In addition, bubbling beds

appeared to produce less powder than the slugging beds.
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FIGURE 3 - 30

PHOTOMICROGRAPH OF SECTIONED SILICON PARTICLE COATED AT 500 °C (I000 X)
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FIGURE 3 - 31

PHOTOMICROGRAPH OF SECTIONED SILICON PARTICLES COATED AT 600 °C (I000 X_)
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Oneexperiment was _onducted to demonstrate that _hc current

fluid-bed reactor could operate in the bubbling modefor 48 hours continu-

ously. The reactor was operated with i% silane in helium as the fluidizing

gas for a 400 n_ndeep bed of -35/+60 meshsilicon particles. After com-
pletion of the 48-hour experiment, it wasobserved that the Pyrex reactor

tube had slumped and expanded in diameter from 85 to i00 rmn. Beneath the

expanded portion, a porous plug of agglomerate particles (approximately

70 rm,_high) had formed starting 80 11miabove the gas distributor. Subse-

quent experimental data indicated that the gas flow in the plug region was

insufficient to maintain a bubbling bed. Consequently, the bed temperature

near the distributor was too low for significant pyrolysis to occur and

minimal silicon plating occurred be±u_ the plug. Above the plug where the

seed particles remained fluidized, uniform particle plating occurred. A

small quantity (5%) of powdered silicon was produced and some plating

occurred on the reactor wall. However, most of the silane-to-silicon

conversion occurred in the plug. The overall silane-to-silicon conversion

efficiency for the 48-hour experiment was at least 90%. In addition, photo-

micrographs of cross-sections of particles from above the plug revealed that

dense coherent coatings were obtained.

In spite of the undesirable plug formation, demonstration of a

continuous 48-hour experiment in the bubbling mode is an important step in

fhiid-bed pyrolysis development. From the above experiments, it was con-

cluded tliat the bubbling fluidization mode is better suited for heterogeneous

silane pyrolysis than other modes such as spouting and slugging. Problems re-

lated to powder and plug formation should be addressed i_ future experimental wo1:k.

1

!:

J

3.2.3.2.2 11orizontal Tube Experiments

Experiments were conducted in horizontal pyrolysis reaction tubes

to bettQr understand and control the morphology of the silicon produced

from silane in fluid-bed reactor experiments. The experiments were conducted

by directing silane/helium mixtures both into heated empty transparent tubes

and into heated transparent tubes packed with silicon particles.

The experiments with the empty tubes were conducted at tempera-

tures ranging from 440 ° to 900°C and silane concentrations ranging from
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1/,.,, to 2_,. In empty tube experiments conducted at 440 ° and 490°C, most of

the silane passed through the tubes without decomposing, tlowever, the tubes

were discolored, indicating that some silicon did deposit. In all other

empty tube experiments, (temperatures ranging from 515 ° to 900°C) gas-phase

decomposition :into silicon powder occurred together with deposits on the tube

that appeared to be dense.

For the packed tube experiments, two particle size cuts of metal-

lurgical-grade silicon particles were used: an average particle size of 335

microns and approximately I cm fragments. Experiments were conducted at

temperatures ranging from 475 o to 800°C and silane concentrations of I/2% to

10% in helium. By comparison to the open tube experiments under similar

conditions, the visual onset of pyrolysis in the packed tubes shifted closer

to the gas inlet end of the tubes. Select seed beds were examined micro-

scopically after the pyrolysis experiments. At temperatures of 5400 and

600°C, the silicon that deposited on the 335 micron seed particles resembled

fibers and no powder was observed. Figure 3-32 is a photomicrograph of

typical fibers. Fiber growth was also observed by other investigators

(Levin, Ref. 4 and Osada, et al., Ref. 5). Close examination of the fibers,

grown at 600°C, revealed that they were extremely long and thin; whereas,

the fibers grown at 540°C were much shorter. The length of the fibers also

appeared to increase with silane concentration.

In experiments conducted at 540°C, with 1 cm particles, fiber

growth was reduced and the primary growth appeared nodular. At 8000C,

using 1 cm particles, the product was primarily fine powder. In select

experiments, efforts were made to pour the tube contents onto a table for

examination For the 475°C experiment, this was easily accomplished and re-

vealed that friable agglomerates had formed. For higher-teuperature experi-

ments, (at 525 ° and 575°C), the agglomerated particles bridged the reaction

tubesand blocked the powder from flowing out. Examination of particles

from the agglomerated region revealed the presence of nodular and fiber

growth on the particle surfaces.

The data generated in the horizontal reactors explained some of

the observcd behavior in the more complex fluid-bed reactor. It was assumed

9,1
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that sil:mo decomposition in _ large bubble was comparable to decomposition

in an empty tube. Consequently, the data indicated that more silicon powder"

should have formed in the slugging bed than in the bubbling bed. This be-

havior was observed in the fluid-bed reactor both at 500 ° and 600°C. Tile

horizontal reactor data also suggested that lower fluid-bed reactor tempera-

tures would result in the production of fewer fines but with reduced decom-

position efficiency for a given bed depth. __e fluid-bed reactor experiments

support the contention that lower temperatures result in :._lower silane

decomposition efficiency. IIowo_,er, insufficient data are available to _'el_te

the pl'oduction of fines to operating temperature° Again, not enough data are

available to account for tile difference in the morphology of the silicon

deposits obtained on fluid-bed seed particles and those obtained on similar

sized particles in the packed beds. The fluid-bed reactor particle coatings

resembled those obtained in packed beds of substantially ]arSer paTtic]es.

3_2.3.3 Fluidization Studies

Pyrolysis studies conducted during this program have indicated

that the homogeneous nucleation of silicon fines is minimized when the

fluid-bed pyrolysis unit is operated as a bubbling bed. Fluidization tests

with inert gas were performed to establish the range of operating conditions

under which bubbling bed occurs, and to develop a gas distributor that will

evenly spread the feed gas at high temperature_ without clogging.

Gas distribution affects the type and quality of flui¢ ation.

In addition, the distributor may be designed to segregate particles by size.

Inert gas tests of distributors designed to avoid clogging and achieve these

goals were performed in 2" and 6" diameter beds,

3.2.3.3.1 Fundamental Bed Behavior

The aim of the inert gas experiments described in this section

was to determine the behavior of fluidized beds of silicon particles as a

function of bed size and fluidizing gas properties. Bubbling-bed conditions

were investigated, with additional experiments of slugging and spouting beds.
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• lhlbblin_-Red Tests

In e_ch of these tests, the gas distributor was a sintored

metal plata which cmlsed the gas to flow uniformly into tile bad. In room-

temperature, atmospheric tests at the P_n'ma facility in an 85 mm I.D.

column, active bubbling beds of -35, +60 mesh silicon were demonstrated with

helium and argon fluidizing gas al_d bed heights between 50 mm and 200 ram.

The distributor design in these experiments also allowed spouting bed opera-

tion.

Experiments were also conducted at elevated temperatures in

which helium was the fluidizing gas in beds ranging in height from 50 mm to

200 mm. Both the dual-gas-injector system (no gas was injected through the

central orifice) and a porous-metal, _as-dist_ibutor plate were evaluated;

no difference in bed behavior was observed between the two gas distributor

desighs. The experimental data are shown in Figure_3-33. The open data

points represent the transition from a static bed to a fluidized bed; the

transition was observed for decreasing molar flow rates due to expansion with

temperature. The data designating the onset of fluidization are in good

agreement with the calculated minimum fluidization velocities: Flow #ate

hysteresis effects were not observed for the transition from a fluidized-

(bubbling) bed to a slugging bed, as shown by the .closed data points. In-

creasing gas flows were used for this determination. Gas flow observation

of the transitions in bed from bubbling to-slugging were subject £o operator

judgment. In addition, the transition frombubbling to slugging beds %as

less clearly defined for the 50 mm and I00 mm beds than for the deeper beds.

The fluidization behavior of -60/+I00 mesh silicon particles

was also determined as a function of gas velocity and reactor wall tempera-

ture for bed depths of 50 mm and 200 mm. Figure 3-34 shows the experimental

d_:ta. Tile curves were similar to those in beds of -35/+60 mesh particles.

The gas injection velocities at which the bubbling to slugging transition

occurred decreased with increasing temperature. The gas flows for incipient

fluidization were too low to measure with the flowmeter installed in the

system. Minimum fluidization velocity decreases with increasing temperature

and increases with increasing particle size.
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Fluid-bed pyrolysis exl_erilnents and in.-.rt gas cxpori,lents in

relat.ively small [.!" to 3" di:ulletev) ¢olumn:_ and the :11u_lytical model work

described later in Sect:ion :_.2.3.4 h_di.cate that the required bed height

for essentially complete pyrol)'sis at projected conditious is on tile order

of one meter. To avoid slugging, and to model realistically larger beds,

the current estimate is that the PDU must be 6" in diameter. Inert gas

tests were done, therefore, in a 6 '_ diameter cohmm. Since operation with

hydrogen and at high .temperature was inconvenient, an alternative method

was used to fluidize the particles with a gas of the same density and

viscosity as hydrogen at elevated temperature. This was done by using

helium at room temperature and reduced absolute pressure. By controlling

the pressure, the density was controlled to correspond to different frac-

tions of silane. This correspondence between cold-bed test pressure and

PDU reactor temperature and composition is shown in Figure 3-35.

It was generally found that for beds up to one meter deep, a

wide : :tnge of velocities could be used without sluggi1_g. These results are

shown in Figure 3-56 for -35/+60 mesh particl:s. This figure shows results

under conditions that are relatively unfavorable (low gas density and deep

bed). Even so, there is at least a factor of three between the minimum

fluidization velocity and the minimum slugging velocity.

These tests conflict, that a 6" diameter PDU is large enough to

avoid shtgging under projected permitting conditions, with results applicable

to larger beds.

• Test of Other:Fluidization Modes

Room-temperature experiments were conducted with two gas dis-

tri.butor desi.gns to evaluate tile seed-bed behavior as a function of particle-

size distribution, bed depth, and gas inlet flow velocity in the spouthlg

regime, llelium and argon were used as fluidizing gases, h'ith a single-

orifice, conical-base reactor, a spouting bed (withottt slugging) was only

obt:linablc over a mtrrou' range of Ol_crating couditions. Al_otht, r ._el'it, s of

experhuents was conducted with a flat-topped, duat-gas distributor. This

I Oil
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distributor contained a centrnIly located spout orifice (2 mm diameter)

surrounded by a porous metal plate. When helium was injected through only

the central orifice and the porous metal plate, a stable spout was es-

tablished while the annulus region was in a fluidized state. It was ob-

served that _oo high a gas velocity through the porous metal plate would

extinguish the spout. |qhen helitml was injected solely through the porous

metal plate {central injector orifice was not used), active bubbling beds

were obtained, as described above.

Other alternative bed modes (fast or reeirculating bed, moving

bed, or turbulently fluidized bed) were not investigated since it was evident

that the bubbling mode of fluidization was well suited for silane pyrolysis.

3..._ 3.3. _ Distributor Design

A distributor for silane pyrolysis must meet the following

criteria:

I)

2?

Uniform distribution of inlet gas. Uneven distribution causes

channeling or in extreme cases, spouting or slugging. This

leads to poor gas-solid contacting and uneven mixing.

Absence of clogging. Silane decon_position can quickly plug ._

the d i.stributor. Temperature control-of the distributor :i.s

crucial for avoiding this problem.

If possible, segregation of particles by size and preferential

withdrm_.al of large particles° 'l'h[s provkde_ a more un:iform

I1l'odtlc t.

From the earlier discussion of bed behavior, it is clear that a

flat-sintercd metal plate c_tn be used to achieve the first criterion; the

_e¢olld WaS met by inte_ral water cooling of a sintered metal plate° As

d i scnssed in Sect ion 3o 2,3.2, this distributor operated cont [TIHOllS ly w;ithout

I(_3



¢

plugging for 48 hours, with 11o appreciable wear. Thus, the technique has

been clearly demonstrated for introducing the gas into a bed of silicon

particles.

The third criterion can be addressed by tapering the bed at the

bottom into a boot section (as in Figure 3-37), where the superficial gas

velocity is raised. This causes finer particles to be excluded from the boot

section, thus segregating larger particles in the boot. The boot section of

Figure 3-37 is a preliminary design.

Initial tests using the boot showed that segregation can be achievea

at a slow rate (Figure 3-38), Further work will be necessary to optimize the

parameters,

3.2.3.3.3 Attrition Experiments

Attrition by particle collision results in a loss of product from

the bed. _]e rate of loss clearly depends on the friability of.the solids

and the violence of mixing in the bed. In these experiments, seed particles

of crushed high-purity or metallurgical-grade silicon were used. These

particles probably are less friable than those resulting from pyrolysis;

the degree of difference is unknown.

Experimental attrition rates for different particle size ranges

and degrees of fluidization were tested in a one-inch diameter bed. The re-

sults are sho_cn in Figure 5-39. In each case, a brief spurt of rapid

attrition occurred, after which the loss rate was less than 0.3%/day, which

is negligible.

A separate observation was that high-purity silicon particles,

even after thorough washing, discharged a large amount of bro_vn dust after

being fluidized at high temperature for 24 to 72 hours. This may be im-

portant in evaluating experimental results for two reasons: first, this

effluent could be misinterpreted as homogeneous reaction product; and,

second, the mode of heterogeneous pyrolysis growth (fibrous, modular, etc.)

has been found to depend on the degree of dust on the surface being coated.

1I)4 ............................................................................
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3.2.3.4 Analytical Nodel

An analytical model of the process of silane pyrolysis in a fluid

bed facilitates the integration of experimental results and prediction of

system performance. 111 the overall fluid-bed pyrolysis system, the inlet

stream of silane is mixed with hydrogen and introduced at the bottom of the

fluid bed. Small silicon seed particles enter the bed at another point.

Particles in the bed are coated with additional silicon from the decomposi-

tion of the silane, and are withdrmcn as product after sufficient growth.

At the top of the reactor the gas streem exits as essentially pure hydroger.

A portion of this hydrogen is cooled and recycled to dilute the incoming

silane. The remainder is recycled to the STC hydrogenation reactor. Energy

is added to the fluid bed to maintain it at the desired temperature, This

temperature, tile amount of diluting hydrogen needed, the size of tile reactor,

and the amount of energy required are set by the requirements for complete

heterogeneous decomposition of the silane. Heterogeneous decomposition results

in the coating of the silicon bed particles; homogeneous decomposition results

in the generation of low-density, submicron particulate, which is undesirable.

The key assumptions in the model are concerned With deposition rate

data, which determine the necessary fluid-bed height and particle size, and

critical concentration data which determine the amount of diluting hydrogen

required to avoid significant homogeneous decomposition. The amount of di-

luting hydrogen primarily determines the energy consumption of the reactor

and the reactor diameter for a given production rate.

The critical concentration data, available in the literature, are

for high temperatures and lou concentrations of silane. In epitaxial

reactors (basically hollow tubes with inserts) at these conditions, the

transition from heterogeneous to homogeneous decomposition is sharp and

well defined. The values used here are extrapolations of this data. There

is evidence that this is conservative when applied to the fluid bed. There

is also some evidence (in work done at UCC/Parma and JPL) that at low temper-

atures, the transition between modes of decomposition is not sharp and that

i •
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the two modesoccur at competing rates as would be expected. In the fluid

bed, where the surface area-to-volume ratio :is high, hete_'ogeneous decomposi-

tion seems to be favored. This factor can be added to the model as further

experimental data heeome available. Existing literature data are shown in

Figure 3-40.

The model relates important process variables such as reactor size.

conversion efficiency, operating temperature, particle size, energy, and

hydrogen recycle requirements.

given by:

wh ere :

The amount of energy contained per ki.logram of silicon product is

E = ((i - fo Sill4 + 2 q fo Sill4) hH2(T) " (I " fo Sill4) hH 2 (To)

+ (I - n) fo SiH 4 hsiH 4 (T) - fo Sill4 hSIH4 (To)

"q fo Sill 4 _Hf SiH4+nfo SiH4 hsi (T)} ,(n fo SiH 4 MSi}

E is the specific energy consumption (J/kg)

fo Sill 4 is the mole fraction of Sill 4 at inlet (moles/mole)

MSi is the molecular weight of silicon

hsitt 4 is the eathalpy of SiH 4 (referenced to 29B.15eK)
as designated at T or TO

hll 2 is the enthalpy of H2 (referenced to 298,15°K)

hsi is the enthalpy of Si (referenced to 298.15°K)

is the i_eat of formation of silane at 298.150K
&Ilf Sill 4

T° is the temperature of gas prior to the entry into the reactor

T is the temperature of the reactor

n is the conversion efficiency

For complete conversion of silane to silicon, the energy require-

ment, reactor temperature, and fraction of silane are related as shown in

Figure 3-41. The largest contribution to the energy consumption is in
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heating the diluting hydrogen, The larger tim feed concentration of .'_ilane,

the smaller this b_comes. This energy is required because the inlet hydrogen

and silano must be at a temperature much lower than that at which the reaction

occurs. In practice, this difference ill sensible heat is greater than the heat

of reaction of silane pyrolysis. Thus, even though the pyrolysis reaction is

exothormic, additional heat is required.

where:

The reactor dimensions are given by:

4 ) i12Msi CO U n

MSiH4 C° U ( }L ---_R(T) a (I + fo Sill4) in (i - _) + 2 fo Sill4 _

D is reactor diameter (m)

L is bed depth (m]

is production rate of silicon (kg/s)

U is the superficial gas velocity at bottom of the reactor
moles

CO is the concentration of silane at reactor inlet ( m

R(T) is the rate of decomposition of silane on the surface,

per mole fraction of silane (kg/m2s)

a is surface area of particles per reactor volume (m2/m 3)

MSiH4 is molecular weigbt of silane (kg/mole)

(m/s)

)

Plug flow of the gas through the bed is assumed. This is the most

appropriate model because it is probable that the bed will be operated only

slightly in excess of Umf, the minimum fluidization velocity. Backmixing

of the gas is small, and bubbles disturb plug flow only slightly. The

reasons for operating not far above Umf are:

• The bubbles are small, reducing by-passing.

• The bed is not violently agitated, (This may allow the adherence

of a loose coating of silicon that would not stick otherwise.)

l ] 2
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e The voidage of tile bed is not greatly increased, minimizing

hOll|Ogt, llOOtlS tlecompos i t ion.

• Internal heat transfer need not be extremely high in this

application. Relatively slow solids movement is sufficient.

The minimum fluidization velocity'and area per unit volume are taken

from standard correlations (Kunii and Levenspiel, Ref. 6).

where:

The reaction rate is experimentally found to be first order:

j's = R(T)foSill4

R(T) = (2.56x105)exp(-l,92x104/T) (kg/m2s)

j's is the rate of decomposition of SiH 4

P is the absolute reactor pressure (stmosphere)

'Fhese data are available only at atmospheric pressure. At tempera-

tures of interest, diffusion presents a negligible resistance to decomposition,

and the decomposition reaction is the limiting step in the process. This is not

true above approximately l150°K as shown in Figure 3-42. The experimental data

are from Eversteyn and Put {Ref. 7).

The reaction rate, as shown, increases rapidly with temperature

(doubling approximately every 25°C). The critical mole fraction, however,

decreases at about the same rate. This indicates that raisin_ the temperature

allows the reactor to be shorter. Since the total gas velocity through the

bed is limited by the bed mechanics, higher temperature, implying lower

silane feed fractton, in turn :[mplies that the reactor diameter must increase

with temperature.

Resulting calculations, showing these trends for reactor dimensions

and energy consumption, are shmcn in Figures 3-45 through 3-45.

The required energy flux through the walls of the reactor is:

Q = TE/_DL

i 13
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where:

q is the energy flux Cw/m2)

This energy flux is shoml in Figure 3-46. As the size of the reactor

increases, so does thr required flux. Typical heat-transfer coefficients for

wall-to-bed heat transfer are 200-500W/m2K. As noted, the reaction rate in

this temperature range doubles every 25°C; therefore, the temperature dif-

ferences shown are very significant. The wall, since it is hotter, coats

faster than the particles. 2q_e gas near the wall is hotter than the bulk,

favoring homogeneous decomposition.

The following results were obtained from the analysis of a single,

isothermal bed:

• Based on the available pyrolysis data, a fluid-bed system

that is energy-efficient and compact is feasible.

By heating the particles directly, unfavorable wall reaction

(heterogeneous and homogeneous) can be avoided, giving more

useful product, increasing efficiency, and preventing reactor

deterioration.

3.2.3.5 Capacitive Heating

Having determined that heating the bed particles directly is advan-

tageous, there are different ways to accomplish it. Obvious choices such as

radiant heat or laser beam heating are encumbered by severe economic and

practical problems. _e remaining methods are electrical.

Induction heating of the particles is effective only for very high

electrical frequencies and very large particles. In other electrical methods,

current is passed through the bed; that is, it is imposed rather than induced.

Although direct current has been used, there are disadvantages:

.4".'_ *_,,

A continuous, very low impedance metallic conducting path

to the particles must be maintained. _is precludes the

use of quartz or glass lining.
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• Direct current encourages arcing relative to high frequencies)

which could promote a type of homogeneous decomposition.

The use of high-frequency current to heat the particles is shown

in Figure 3-47. Electrical current is passed through the reactor walls and

bed particles are coupled capacitively through a thin dielectric coating.

The dielectric coating serves two purposes:

1. It acts as a diffusion barrier to impurities,

2. It spreads the current evenly through the bed because

it has a high impedance to localized current.

Using this type of heating, favorable (particles hotter than wall)

oc°_ have been obtained betweentemperature gradients of approximately _

the particles and the reactor wall.

There are two features here to note. First, a thin coating of

quartz on the electrodes does not prevent the flow of current. The quartz

acts as the dielectric of a capacitor, with the two capacitor "plates"

being the wall and the bed particlez Second, if the contact region between

two particles is examined, the same effect is seen. There is a capacitance

in parallel with the conductance through the actual region. These phenomena

are discussed further below.

3.2.3.5.1 Electrical Behavior

I

The conduction of electricity in a fluid or packed bed is com-

plicated and not completely understood. The bed conductivity depends on the

bulk conductivity of the particles, the electrical properties of the gas,

and the shape and size of the particles. A dominant factor is the nature of

the contact region between particles. All the current must flow through

these regions and, because it is most constricted there, a large portion of

the total voltage drop across the bed is at particle junctions.
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If the total impedance of the bed i.s a constant real in_pedance,

then the effect of adding dielectric (e.g., quartz) coating to tile walls is

to add two capacitors in series with the bed resistance.. At high frequency,

the distribution of current near the contact region is modified. The net

effect is to add a capacitance effect in the bed itself, leading to a more

compl-:csted network model.

Experimental measurements of electrical impedance have uncovered

an unexplained phenomenon. There are two bed states. In the first state, II,

which occurs primarily at low temperature (<150-200°C), when the voltage across

the bed is first applied or when the fluidizing gas is nitrogen, the bed acts

as if the particles are coated with a very thin dielectric film. The conduc-

tance increases practically linearly with frequency, as shown in Figure 3-48.

As the experiment proceeds the impedance, after a time interval of

about 30 minutes, drops abruptly and becomes independent of frequency. The

fast transition takes place in less than two seconds. It occurs most easily

when the fluidizing gas is inert (argon or helium as opposed to nitrogen).

The resulting state, L, is what would have been expected from similar experi-

ments with materials similar in bulk electrical properties to silicon° This

behavior is shown in Figure 3-49. The resistance is constant with frequency

and voltage. Once this second state is achieved, it persists until the power

is interrupted or the gas flow rate is greutly increased; then it reverts to

state H. Intuitively, one must believe that state h would continue at higher

temperatures.

Adding a ceramic coating to the center electrode increases the

bed impedance-as expected. By adding a relatively thick coating, the capacitive

impedance of the coating is made dominant, as seen in Figure 3-50. At high

frequencies (<2MHz) with both coated and uncoated center electrodes, the

:impedance proportionately decreases or increases with frequency, respectively.

E!ectrical power is dissipated in the bed in both low and high

impedance states, although the frequency required is much higher in the

high impedance state. _xe temperature of the bed increases as the power is

applied. Tile thermal losses are both in the exit gas and through the walls of
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TABI,I! III-13

'I'II_II_I_I_A'I'LIItI! I)ISTI_II_IITIONS/I_I!SLII,'I'S FOR TI'S'I'S 1 AND 2

l!lectrical Dissipation i.n Bed

l!lectrica I Frequency

Vo 1 t age

Current

Phase Angle

Test 1 Test 2

250 W 20O IV

75 k ti= 15 k I1:

44 V 24 V

18 A 18 A

4.5° o_ 0

Temperature Distribution

Point

A (;as Inlet to Bed

B llcd Wall

C Bed lhu'ticles

I) Gas Inlet to Aplmratus

E (;uard lleater

F Outer Flange

T(°C) T(°C)

487 210

772 277

785 301

207 18,I

760 215

760 24O

.aY _

Test 1:

Test 2:

lleating results with guard heati.ng preventing side heat loss, Note

temperatures are maintained so there is still heat loss from bed,
not heat addition,

No guard heating,

.I 2 9

, ,.,.¢..:!::.1l,. -.



The electrical behavior of the bed is similar at" M gh and low

temperatures. There is an initial transient state in which the bed impedance

is high (_50fl), after which it drops to M-3_. This latter steady impedance

is dependent on the position of the electrode, and can be raised by partially

removing the electrode from the bed. The lower impedance state also has a re-

active component, corresponding to approximately 0.5;JF of capacitance. &lthough

the origin of the transition between states is unknown, the electrical energy

can be dissipated readily in the bed, and even when it is confined to only

the upper portion of the bed, particle motion quickly distributes the heat

evenly.

On this basis, direct electrical heating can be used to maintain

a fluidized bed at the temperature required for pyrolysis, with the walls

substantially colder.

When high current was passed through the bed, some particles

sintered together in loose clumps, shown in Figure 3-53. This is believed

to be caused by current concentration and must be investigated further before

using this method in a pyrolysis reactor.

3.2.3.6 Commercial- scale Economic Performance

To assess the cost-effectiveness of fluid-bed silane pyrolysis,

a preliminary conceptual design and economic analysis of a fluid-bed system

was prepared at a commercial scale of I000 MT/yr silicon. For the purpose

of this analysis, the feed silane concentration was taken to be 10% at a

reactor operating temperature of 607°C. The estimated fluid-bed diameter

and height are 44 inches and I0 feet, respectively. The mean particle

diameter in the bed is 700 microns and the operating fluidization velocity

is 1.5 times the minimum fluidization velocity. The economic study has

indicated that, if technically successful, the cost of pyrolyzing silane in

a fluid-bed system could be less than $1/kg, exclusive o£ the silane cost.

A schematic diagram of I000 NT/year fluid-bed reactor system is

sho_ in Figure 3-54, The reactor has a boot at the bottom and an expanded
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section at the top. Feed silane and hydrogen are mixed and preheated to a

temperature of 227°C and introduced into the reactor. _e bed particles

are heated capacitively to maintain the reactor at 607°C. Silane pyrolysis

in the reactor coats the bed particles with pure silicon. Larger particles

are periodically withdra_l from the bottom. The hydrogen effluent rises

into the water-jacketed expanded head and then passes through a porous metal

filter into a ]lopper where the elutriated silicon fines are trapped. The

hydrogen is then cooled and compressed by a reciprocating compressor and re-

cycled through the reactor via tile hydrogen preheater. The product silicon par-

ticles are collected under a blanket of inert gas in a water-cooled storage

hopper from which they are transferred to containers for packaging and shipping.

Tile process scheme also includes a seed grinding vessel where large silicon

particles are crushed to produce fine seed material, which is stored in a seed

hopper for periodic introduction into the reactor.

To estimate the cost of fluid-bed pyrolysis, a preliminary func-

tional design was prepared of the various components in the above process

scheme. A list of all the equipment is given in Table IIl-14. The con-

ceptual design and cost estimate are preliminary at the present time and

should be useful only as an overview of the approximate incremental or'

add-on cost associated with fluid-bed pyrolysis.

Table III-]5 presents a summary of the projected economics for

fluid-bed pyrolysis. The estimated installed plant cost is $1.81b_I. The

annual operating costs are estimated to be $0.52 _I. The projected

pyrolysis-product cost is $1.00/kg in 1979 dollars or $0.75/kg in 1975

dollars at 20% DCF rate of return.

The above projected cost of fluid-bed pyrolysis is very attractive,

particularly when compared with the high estimated cost of consolidating

free-space pyrolysis powder by suction-castingor rapid-pulling techniques.

It is concluded that if fluid-bed technology for silane pyrolysis can be

successfully developed, it has an excellent potential for addressing the

JPL/DOE 1986 cost goals for producing polycrystalline silicon for solar

cells.
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TABLH III-14

i000 NT./YEAR FLUID-BED PYROI,YSIS SYSTEN

.EQUIPMENT LIST & DESCRIPTION

Product Hopper

Silicon Fines Hopper

Seed Grinding Hopper

Seed Storage Hopper

Hydrogen Recycle Storage Tank

Hydrogen Recycle Compressor

Hydrogen Cooler

Feed Prebeater

Silane Preheater

Capacitive lteater System

Porous Metal Filters

Description

Fluid bed reactor vessel composed

of 3 sections; bottom section 15"

dia. x 3.5 f ]lJgh_ mid section 44"
diao x 12' hip.h, top section 72"

dia. x 10' high. l.owcr two sections

quartz-lined. Material of con-

struction Ineoloy 800.

6' dia. x 5' high, flanged on both
ends, copper construction, cooling

coils wrapped on the outside.

6' dia. x 5 _ high, 45 ° conical

bottom, 316SS construction, llas

porous metal filters inside.

4' dia. x S thigh, 45 ° conical bottom,

flanged top,elliptic head, 316SS.

3' dia. x 3' higil, 45 ° conical bottom,

flanged top, elliptic head_ 316SS.

9' dia. x I0' high, welded heads,
316SS.

Single-stap, e, dry-luhe reciprocating

compressor, I00 liP, 1800 RPM, 660V
explosion-proof motor, 28 PS1C, outlet

pressur e . Stainless steel wdves _,

2'x8' Suction 5 discharge tanks, com-

pressor sized to handle 870 ACFN at

inlet.

Fin-tube hairpin exchanger, cooling
water driven, 430 ft 2 heat transfer

area. I12 on fin side.

Fin-tube hairpin exchanger, hydrogen

on fin side, heat _ransfer oil on
tube side, 578 ft. heat transfer

area.

Fin-tube hairpin exchanger, si. lane
on fin side/ 22 ft.2 heat transfer

area,

200 KW, includes power supply 5
electrodes.

30 ft 2 area, 5 micron pore si:e

filteKs in silicon fines hopper;

18 ft" area, 5 micron pore size
filters in seed storage hopper.
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TABLE III-15

i000 MT/YEAR FLUID,-BED PYROLYSIS SYSTEM

PRELIMINARY ECONOMIC ANALYSIS SUMMARY
. i, i il ., i ,, ] ., i ]

Plant Investment

Annual Operating Cost

Working Capital (30% Operating Cost)

Startup Cost (i0% Investment)

Start of Project

Start of Production

Years of Operation

Sales Volume

Investment Tax Credit

Federal Income Tax

Depreciation Method

Discounted Cash Flow (DCF) Rate of Return

Estimated Cost of Consolidation " "

$1.81MM

0.52MM

O.16MM

O.IBMM

1979

1981

15

106 kg/year

10%

46%

I0 years sum of digits

20%

$1/kg C1979 dollar)

$0.75/kg C1975 dollar)
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SECT!ON 4

REACTION KINETICS AND THF,RMODYNAMIC
AND PlIYSICAI, PROPERTIES

Certain chemical, thermodynamic and phys:ical properties of the key

compounds of interest were incomplete and these had to be determined before

a detailed process design could be performed, An experimental program was

conducted to correct tM s data deficiency and the data thus collected were

correlated in a data hank for use in the computdr-aided, facility...process

design,

A, search of the open literature, previous Union Carbide research efforts

and an established computer data bank revealed that critical data about

the hydrogenation of silicon tetrachloride (STC) and the redistribution

reaction of dichlorosilane (DSC} and triehlorosilane (TCS) were incomplete.

Deficiencies in the vapor-liquid equilibrium data for the DCS-TCS binary

system and gas solubilities in liquid ehlorosilanes were also identified.

The status of all these data and the experimentally obtained data are

discussed in this section. - ..............................

4.1 CHEMICAL REACTIONS

The Union Carbide silane process for producing semiconductor-grade

silicon from 98%-pure, metallurgical-grade silicon feed contains four

chemical reactors. Figure 4-1 graphically depicts the equilibrium constants

for these reactions as a function of temperature. The basic chemistry of --

the entire process can be described by the following ._ix reactions:

Si + 21t2 + 3SIC14. _..41tSiC13, (4- I

-_ SiC14 + It2Si.C1 ,, (4-2)2HS[C13 __
g=

2H2SiC1 _. _ HSiC13.+ tl.SLCla ' (4-3]

2II3SiC1 _ II2Si.CI 2 + SitI4, (4-,t]
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SiCl 4 + H2 _ IISiCI..3 + IICI, and (4-5]

Sill4 -v Si * 2H2. (4-(_)

The STC hydrogenation reactor is the first chemical reactor in the pro-

cessing train (.Figure 5-1, 425-02), An equimolar mixture of hot hydrogen

and STC is supplied to this fluid-bed reactor that contains metallurgical-

grade sLlicon particles and is operating at 500°C and 515 psia. Equation 4-i

is the dominant reaction and TCS is the desired product of the STC hydrogena- -

t[on. By reversible reaction 4-1, the amount of TCS in the product stream is

about 15 mole %,

The second and third chemical reactors are the TCS and DCS redistribu-

tion reactors (Figure 5-I, 435-02, 435-04). In the TCS redistribution reactor,

97 mole % liquid TCS at ?0°C is fed into a fixed bed containing Rohm and IIaas

AMBERI,YS_A-21, ion-exchange resin, which is the catalyst for reaction 4-2.

This makes about ii mole % of DCS, the desired product; however, because

reactions 4-3 and 4-4 are also occurring, although to a lesser extent, small

quantities of silane and monochlorosilane (MCS) are also made.

In the Des redistribution reactor, 71 mole % liquid DCS at 50°C is fed

into a bed containing the same resin as above. In this case, there is no

dominant reaction; reactions 4-2, 4-3, and 4-4 .are all involved. The product

stream has 12 mole % silane, 17 mole % MCS, 39 mole % DCS, 32 mole % TCS and

0.5 mole % STC. However, since the silane.is easily Separated from the chloro-

silanes by the last distillation column in the process train, ultra-high purity

silane is produced.

The last chemical reactor is the fi'ee-space, si.lane pyrolysis reactor.

llere silan6 is converted into submicron, silkcon powder .alid hydrogen by

irreversible reaction 4-6. This process will go to completion and one m01e

of silicon is made for every mole of silane.

..1.1.1 Equilibrium Constants (Kp) and llcat of Reaction (All)

Chemical equilibrium constants for the reactions described iu Section 4.1

were determined from experimental data. Ifthe heat of react.ion NI is considered
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constant in the temperature range of :interest, the following relationship

is obtained for K as a function of temperature:
P

At_ (4-7)= - + C ,
In Kp _-@ o

where R is the gas constant and CO is a constant.

Upon evaluating all the available experimental data, Kp was calculated

at constant temperature and plotted vs 1/T as shown in Figure 4-1. The slope

of the straight line is equal to - AH/R. These data show tliat reactions 4-1

through 4-3 are endothermic and reaction 4-4 is exothermic. Table IV'I gives

the values of AH, C and K at 50 and 500°C.
o p

Experimental data were not available for reaction 4-5 and no data were

needed for reaction 4-6 since it is known to be irreversible. For reaction 4-5

the heat of reaction was derived from adjusted heat of formation values and

(Kp) was calculated at 298°K using the standard Gibbs energy,of-formation values.

4.2 HEAT-OF-FORMATION VALUES

The heat-of-formation values supplied by the JANAF tables (Joint Army,

Navy, Air Force; Stull & Prophet, Ref.3) provide a means for calculating the

heats of reaction for reactions 4-1 through 4-5. Assumi_.g that the heats

of reaction determined from TCS and DCS redistribution experimental data are

reliable, the JANAF table heats of formation can be adjusted in a manner that

minimizes the-sum of squares of deviations from JANAF table values, while

maintaining the observed heats of reaction; The results are given in Table

IV-2. _e amount of adjustment fails within the uncertainty limits given by

the JANAF tables for heats of formation.

When the calculatedvalues are compared to the observed values presented

in Table IV-l, it is seen that there is fair agreement for-reactions 4-2

through 4-4 (Table IV-3). The only discrepancy exists in the observed All for

reaction 4-1. Use of the 450, 500, and 550°C data points shown ill Figure 4-1

results in a _11 of 8746 cal/mole. These experimental data arc suspect because

equili.brium was difficult to obtain, especially in the 450°C data. If the 500

1



TABLF, IV-1

EQUILIBRIUMCONSTANT (Kn) AND Ill:tATS OF REACTION (Ni)

!!quation

i

2

3

4

5

50°C
___H Co -----

3554 -4.4804 4.46( 10)'5

1486 -1.7540 0.0171

519 -0.2859 0.335

-601 -0.3596 1.78

-11
18399 4.6933 3.93(101

Kp

All = cal/mole

-N4 + CoIn Kp =_ R--_

500°C

-3
1.12(101

0.0658

0,536

1.03

6.87(10) "4

i,,,'
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'l'ABl,l! [V-2

III:ATS Ol: FOI_UA'I'ION

,lANAI: Adjusted
AII° f AIl° t'

Sill 4 8200 + 500 8135

% Cha.nge to ,lANAI:

-0.79

+

,qill.C1 -53900 - 2000 -33751 +109 +0.50

+

Sill._('l _ -76(_00 - 3000 -70198 +.I02 +0.52

SillCl. -118000 +- 1000 -1181.10 +.15,1 +0.38

+

SLt:].I -158,100 - 300 -15860.8 -208 -0.13

,\11°t" -- cal/mole nt 2.qS._K

The ,lANAI: ,'\ll°f vnLues were adjusted by :1 lenst squnre fit techllique, using

the following All vnlttes taken t"ronl Figure 4-1 nnd Table IV-1.

l:,qun t i on All

2 1.180

3 519

IL

l,ll

:'i#-,_.......... -



' ..11:. _..; ,J .. •

TABLE IV-3

COMPARISON Of tiENI'S OF RI!ACTION: OBSI!RVI!I)_.. C]AI,(_III,A'I'I".I)
ERoM 3ANAF -;i÷ABIIES '" '"' ' "'<' '......, C,_,I.ULALL'I) I:I(OM AI),IIJS'I'I!I) .t31°'f

htt AlI

Reaction Calculated From Calculated From
l_.quation No, JANAF Table hH-f .Adjusted All°f

4-4 -600 -601

4-3 700 519

4-2 2200 1480

4- i 800 3240

All .

Observed Values

- 601

519

l .'l86

8746 (.150,500,
o

• 550 C Data PTS)

355,{ (500,550°(:

Data I"I'S)

All = cal/mole

i¢,
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;llld bb0°t" d;It_l ollly ;It",-' _'oll.gidol'cd, All bocl_111o'; 5'._!,.I--_':11' 1olc ;llld ,l_'.l'COt; with

Ihc .\il t'olllld whf,'11 [hi.' ;hi tl:_lCd be:If ol' l'Ol'lll:l[ iOII /'_1111_'t. '_VOl'O II::t'd.

l'lw :ld,justod ,\ll°f valm',; given in Table IV.2 and the ob:;erved K and
p

,\11 v:litlo.g gi%,oll j11 '[';1bIt' [\'. I ('o1'111:1 _.'oll.'gi:;l_.'lll _;_.'( of data b;I.ged o11 tho

l,ltoSt cxperJlllOnt :lI :_tlld ios Ot" 'I'L',S:llld IIL:S l'edi ._;tr ibtlt loll aIld STC hydro qena-

L JOII. Thc.go data set,; provido tho be.gt illl'Ol'lll;lt loll :l\':li l,lblo. ,It lho pro.gOIl!

[ [ |11o-,

.I. 3 I_I!:\(]'I'ION K1NI!'I'IC,_

'l'hl't'o _':lt:ll)'tJ¢ l'O;lCt,_t'.'; ill"t" II:;od ill the ._il:lllC pl'OCos_ ['o1" COllVOl'tJllp,

nlctallurgical sili¢oii to high-purity, senlicomluctor-gr:ldc, molten silicon.

The inet:llltlrgic:ll silicon is First con\,'crtcd to lrichlorosil:lnc t'I'CS) in n

hot copper-c:lt:lly=ed, ,gTC.-hydrogen:lt-ion, l'luid--hed l"e'lctor. The trichloro-

silane is ultiuultely converted to pul'e sil:me in tt_.'o c3t:ll.ytic l'Odiqll'Jl_uliOll

l'o;iC[Ol'.g ill COlljtlllqtJOll with apl_rOlu'iate distillation ._epar:itions, Thc

k iilct i¢ char:lcterist ics of the hydro_t, imt loll reactor alld I_oth 1 iquid-phase

chlorosi [;lllk" l't'_Ii ._;tl'il_ll_ 1oi1 l'C:lCt.Ol'S hilvo been lllO;I.glll'O_[, l_o.gull s are l'opol'I od

bo Iow.

t

4.3.1 Silicon 'retr:lchlol:ide LS'l't_) Ilydro,e.enation

lu the Licc silanc pvoco,g.g, ;m oquiu_olar ulixture of hot hydrogen and

,gTC i s fed to the Stlil°C, [;I 5-ps i a, S'l't_-hydroltcna t i on rt'act or, wh i ch COTiI ;1J IIS

a l'luidized 1_6d of metallurgical silicon and copl_cr-cal:ilysi powdcr. The

)_;I.g Illi.%ttll't' l't'aCti:, l't'\'ersil_ly ivJlh lhc .gilicoll pal'liculall,$ ill lho t'ltlJd hod

to yield a illiXltlrc which ......;il eqti-ilibritinl condii iolis COllt:lJns ;ibolil I t'' 'I'CS,

the .gou!tht prodtict . 'l'hc l_rilU:il'V rt':iction Lequnl ion {.I-11, Sect ion .1. _ .

gi _ 21t, + 3SiC1.1 -_ ,lll,giCl_, (.I I1
,. _ ,%

ts ac¢ou_pli.ghed via ¢ouIplcx gas- aild .golid-phasc l't,;lctJoII illcch:illJ.giils, lil the

t'ollo_vJlll, Imragl';iphs ;i dcscriptiOli of tht, t, xporilliClllal ;il_l_;ii';illl.g :iild proct'dtlrt'

J,; providt'd. ;llld tht' kJllclJ¢ dat;i ol_f,;iJiwd .ll't' Ck;llllJllt,d ;lild ¢Ol'l't,l_llt'il.
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!
,1.3.1.1 Experimental hpp_lratus and Procedure

The chemi.cal data used to ewtluato the kinetics of the hydrogenation

of STC _¢ere obtained in fixed- and fluid-bed reactors, llydrogenation runs

were made :in a 2.5-e_n diameter, 30.5-cln high, stainless steel reactor filled

witil 185 grams of 100-by 200-micron silicon. A schematic of the reactor is

shown in Figure 4-2.

The appropriate mass ratio of H2:STC was achieved by bubbling the

11o through a thermostated reservoir of STC. The temperature of the reservoir

determined the concentration of STC. The feed gas to the reactor was super-

heated to about 350°C prior to entering the electrically heated reactor tube

through a five-orifice distribution grid. The chlorosilane fraction of the

reactor effluent was condensed and collected in a -65°C refrigerated condenser,

while the hydrogen and noncondensibles were vented to the atmosphere through

a back pressure regulator. The condenser was nearly 100_ efficient in cap-

turing the chlorosilanes, as indicated by the colorless hydrogen flame at

the vent. Condensate samples collected were analyzed chromatographically

as described earlier (Section 3.1.2.1). The results are reported on a hydrogen-

free basis, i.e., the composition of the condensed ct_lorosila.nes in Table

IV-4. Only dichlorosilmle, trichlorosilane, and silicon tetrachloride were

detected in the samples. No effort was made to analyze for the components

formed as intermediate or by-products, since they are present in minute

amounts only. The apparatus as originally constructed was capable of

operating a.t up to 118 psia. It was later modified for operation at up to

1000 psia by providing a separate STC feed pump and vaporizer and an enlarged

product-collection vessel. Because of the short bed height, the range of

gas residence times that could be obtained in a "fluidized" regime were

limited to under 15 seconds.

The experimental procedure consisted of charging the reactor with

a Sl_ecified quantity of silicon/copper mass and operating the equipment at

.150 and S00°C for three ratios of I{2:STC. Additional silicon was then

added to increase the bed ]wight and the runs were repeated. The bed was

fluidized at 0.06 ft/sec.; the higher flows were used at the higher II,:STC

1,14
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i

TABLE IV-4
I i i ill

HYDROGENATION OF STC

PRODUCT COMPOSITION DATA

Pressure

psia

206

206

65

Temperature
oc

500

450

500

450

2.04

• . o_(_)
H :STC Reactor _Pr°duct _PJ_}°sltlOd}' M°]e _ --
M_lar Residence Mole % Mole % Mole %

Ratio Time( 1) tl2SiCl2 IISiCI3 SiCI 4
Sec.

i0 0.4 9.5 90.10

21 0.76 18.0 81.24

34 0.85 22.0 77.15

45.5 0.95 21.7 77.35

5.04 I0 0.25 5.7 94.05

21 0.50 12.0 87.50

34 0.78 18.7 80.52

45.5 1.05 22.6 76.35

2.04 I0

21

34

45.5

0.20

O. 36

O. 54

0.67

4.5 95.30

9.2 90.44

14.3 85.16

17.5 81.83

5.04 i0

21

34

45;5

1.3 5

9.8

14.8

21.2

0,

0.

O.

0.

05

2O

54

8O

0.20

0.24

0.26

0.30

4.5

9.5

IS.0

19.2

13.8

17.19

18.86

18.99

]

1.3 39.6

29.8

27.4

13.6

0.184

0.138

0.126

0.095

16.14

14.20

13.7

11.3

95,45

90.30

84.46

80.00

86.00

82.57

80.88

80.71

83.67

85.60

86,17

88,61

Based on Cu/Si Bed Volume

112 Free Basi.s
• .)
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ratio to maintain the samequlJlity of flnidi.::ation. Chelilic'll data obtained

_ere ¢onsiderod wllid after a brief activation oi" ini.tiat.ion period during

which the conversion reached a :_teady-state wllue. The residence time _as

attered by controlling the gas flow Pate through the reactor. At residence

times higher than 1S seconds, the bed was lightly flui.dized.

Kinetic data _,ere also obtained i.n the hydrogenation reactor of the

Process Design Unit (PDLI). (See Section 3.l.2.1 for description of the
hydrogenation section of the PDU.) Kinetic data were obtained as a function

of bed height, temperature, H2:STCmolar ratio and operating pressure. The rm_'
data are presented in Tables IV-5 and IV-6. The fluidization uas maintained

at 1.5 to 2.0 t:imes the minimum fluidization velocity to avoid a sluggish

bed. In all reactions, the copper/silicon contact mass ratio was prepared

by blending 2.5 wt 5 cement copper with metallurgical silicon. These ex-

periments have indicated that metallurgical silicon of _98°0 purity is

modestly active for the hydrogenation reaction; however, the time required

to achieve a steady-state activity is shortened and the constancy of the

activity improved when a small amount of copper (<2_0) is present. Higher-

purity silicon (99.85_a) proves to be less reactive than 97',',, silicon; in

turn, 975 silicon is less active than the 97°6 silicon plated with 2% copper.

It appears that the rate of hydrogenation is greatly increased by the presence

of copper or metal impurities in the silicon metal. The incroased rate may

be ascribed to .the catalytic activity of the copper and/or impurities, caus,ing

secondary reactions. The nature and/or sequence of these reactions i.s not

obvious at this time.

.1.3.1.2 Kinetic Data Evaluation

A preliminary kinetic model of the STC hydrogenation reaction was

developed M_ich could be used to design larger scale fluidized bed reactors_

t,ong residence time, fixed-bed laboratory reactor data (Table IV-5) was used

to develop tile nature and composition of tile chemical equi.libriu,._ reached in

reaction (4-1) as reported in Section 4.1.1. Reaction (4-1) as written

presumes gaseous hydrogen and STC reacting with solid silicon (aided hy the

copper catalyst). One could assume that tile mechanism _ctually involves a

gas-phase reaction--not involving sil:icon--bet_'een hydrogen ;rod S'I'C to fm'm

'FCS and IIC1 as in reactim_ (4-5). Partial confirmation for this was that in

1.,17



TABLE IV-5

HYDROGENATION OF STC AT 112 PSIA WITH 2% Cu/Si
._ I, _ j

reaction H2:SlC| 4 Resldcnc_ i) Product Composition,

_cmperature Time H2SiCI 2 IISiCI 3
C Ratio Sec. % %

SiCl 4
%

450 0.83 71.8 0.236 16.34 83.43

450 0.83 75.1 0.306 16.72 82.97

450 0.83 132 0.238 16.87 82.89

450 0.83 135 0.311 17.67 82.02

500 0.83 50.3 0.368 19.34 80.30

500 0.83 48,6 0.368 19.49 80,14

500 0.83 94.2 0.362 19.48 80.16

500 0.83 106 0.379 19.61 80.16

550 0.83 23.5 0.389 19.87 79.74

550 0.83 23.1 0.388 20.18 79.43

550 0.83 41.7 0.394 19.74 79.86

550 -- 0.83 41.9 0.396 19.51 80.10

450 2.5 74.8 0.529 22.95 76.52

450 2.5 74.4 0.512 23.41 76.07
450 2.5 124 0.488 23.57 75.95

SO0 2.5 51.8 0.675 26.71 72.61

500 2.5 51.7 0.670 26.73 72.60

500 2.S 69.9 0.698 26.70 72.61

0 684

0 654

0 673

0 684

0 646

0 591

27 04

27 35

27 13

26 99

26 39

25 66

550 2.S 16.5

550 2.5 19.3
550 2.S 19.5

S50 2.5 39.2

550 2.5 64.5

550 2._ 119

72.27

71.99

72.20

72.32

72.96

73.74

(I) Based on Cu/Si Bed Volume

(2) }-{_Frce Basis
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Bad

Height
Iuchos

17

17

17

17
17

17

17

17

17

17
17

17

17

17

17
17

17
17

17

17

27

27

27

27
27

27

27

27

27

27
36

36

36

36

36

36
36

36

36
36

36

x6

36
36

36

36

36

36

36

36

36

36

TABU" IY.-_A.

HYDROGENATION OF STC IN 5 cm DIA. REACTOR WITH 2% Cu/Si

Ratio,

Initial T_av_., Pressure Residence Molt, % Hole %
H2/SICI4_ . l}sig Time, see, il.SiCl_ IISiCI_

2 10

2 10

2 02

2 02
2 02

2 02

2 O2

2 02

2 02

2 02
2 02

2 02

5 04

5 04
S 04

5 04

5.04

S.04

5.04
5.04

1,99

I .99

I .99

1 .g9

1.99

4.98

4,98

4.98

4.98

4.98
1.99

I .9q

1.99

2.09

_.09

2.09

2.09
2.09

2 .O9

2.09
2.0g

2.09

2.09

4.98 -

4 .q8
4.98 _

4.98

4.98

5.23
5.23

5.23

5.23

513.7 200

513,7 ]95

504.0 191

518.2 195

514,0 195

_14.9 I95 F

486.8 191

466,6 191

465.2 191

442.0 191

419 .4 192

206.2 168

537.0 198

509.8 191

500.7 191
497.8 191

461.3 192

465.2 191

420.6 192

414.1 191

463.7 190

465.8 190

479.2 190

496.0 145

428.5 150

485.4 lqO

485.2 190

494.8 180

458.4 190

395.6 190

419.6 199

425.0 195

481.6 188

377.0 152

388.2 i 70

401.7 179

438.9 85
436.7 97

452.6 151

487.0 160

47"_. 9 170

474.0 17_

478.2 184

432.4 195

43;2.9 194

48q .4 193

481.0 200

481.3 195

488.3 197

485.5 190

488.0 194

S03.1 191

* l{2-free basis; balance SiC14

23.4 0.53

23.0 0.62

22.7 Iligh

22.7 0 57

22,7 0 49
22.7 0 48

23.2 O 55

2_.g 0 _7

23.9 O 31

24.5 0 13

25.7 0 19
22.7 0

II.7 0.45

11,7 0.30

11.7 0.24

119 0.32

12 4 0.31

126 0.18

133 0.17

13 3 0.13

385 0.66

38 5 0.70

376 0.76

28 1 1.01
31.7 0.28

19 1 0.74

19 i 0.91

18 0 0.99

20 0 0.45

21 6 0.22

55 5 0.98

54 0 O. 86

48 1 1.16

43 0 0,2]
47 3 o. 29

48 8 0;38

22 1 O. 33

25 2 0.32
%8.3 0.24

38,7 0.52

41.9 0.65

43.2 0.69

48.2 0,73

2R.I 0.80

28.1 0.48
25.o 1.18

27.0 0.64

26.3 0.69

25.2 1.53

24.3 1.27

24.8 1.34

24.1 0.76

20.0

22.7

10,4
19 .O

16.5

16.3

|1.'_

16.3
14.2

7.6

9.7

7,6
16,6

12.8

7.9
9.1

13,8

_1.117

IO.O

9.7

14.9

17.7

I_R.5

23.6

7.3

15.9

19,1

20.7
12,1

7.4

17.2

I_.O

21.7

10.9

11 .4

13.5

14.7
12 5

80

120

1_O

18 R

19 6
18 5

17 R

16 S

24 %

20 6

25,2

22,0

23.2

21 ,o
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an "empty-tube" eN_erinont , a small amount of TCSwas formed (_,1%)_vhl¢hwas

on tile same order of ma,(;nitude as predic.ted by thermodynanlics. 'l'l_e rapid

reaction ¢,f HC1 with silictm metal at temperatures as low as 2750C .is the

well-kllown commercial rot(to for l(.S." '

SiC14 + tt 2 ;r ltSiC13 + IIC1 (4-5) t

3 lie1 + Si _ It S.tC13 + I12 (4-8)

This reaction is rapid and quantitative with complete consumption of llC1. Thus

the reaction of 1t2 and STC in the presence of silicon could likely be a sequence

of reaction (4-5) followed by reaction (4-8) in which the silicon acts to

scavenge the HC1, shifting the equilibrium of (4-5) toward higher yields of

TCS. While there is some experimental evidence to support this reaction path

which gives credence to the use of a reversible kinetic model, the actual steps

involved in the formation of TCS including the nature and role of the copper

catalyst (i.e. the micro-reaction mechanism) are not known at this time.

Assuming that the course of the STC hydrogenation follows a reversible

process, it can be generally represented as:

n SiCl 4 + m HSiCI 3 (4-9)
K2

where n and m are the number of moles of reactant and product respectively and .....

k 1 and k 2 are the kinetic rate constants. At equilibriuan, the rates of the

forward and reverse reactions are equal, (kl/k 2 ; kequilibriu m) uhtcli leads

to an equilibrium partial pressure of the components Peio The experimental

data presented in Tables IV-5 and IV-6, representing the major components of "

the system, were converted • to a form suitable for kinetic analysis° Minor

components which could be present (ttC1, Cu3Si, CuC12, etc.) and which could

catalytically affect the Overall kinetics were assumed to be constant.

The raw mole fraction data from Tables IV-5 and IV-6 were converted to

partial pressures and the bed heights and superficial !:as velocity converted

to residence times as presented in Tables IV-7 through IV-12. The expression

of reactant concentration as par_tiM pressure allowed the use of equilibrium

and rate constants which were independent of pressure and a function ot" temper-

ature oIlly_

1S0



TAI3I.EIV-7
SI LICON'I'ETRACII1,OR I Illi [ IYI/ROGENATI ON

CIIF,blICAI, ANALYSIS DATA

7"--.i.Q._ .....Spec ies

17..,,.::ion 'r-

0 Sc.c Nx

' Px

10 See Nx

Px

M)x

21Sec Nx

Px

APx

34 See Nx

Px

APx

45.55ec Nx

Px

APx

P --.20b psia T --- 500°CI "t

112

0.6594

135.84

-2.41

o.64s2

133.53

-2.31

0. o,129

132.44

-1. O9

II.:STC = 2.04:1
c.

DCS

0. 0014

0.288

+0.29

0.0027

0.5566

+0:27

0.0030

0.b18

+0.06

I

i 0. 0034

0.700

+0.08

132.48

+0.04

0.0324

6.674

+6.67

0.0633

13.040

+6.37

0.0786

16.192

+3.15

0.0775

15.965

"1- 0.. 3

STC

O. 3289

67.75

0.3069

63.22

-4.53

0.2858

58.87

-4.35

0.2755

56.75

-2.12

"0.2761

56.88

+0.15

l.,cgend : Nx:

PX:

APx:

blole Fraction

Partial Pressure,

Change i)1 P:n'tinl

psia

Pressure_ psj.a ................................................................................................
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TABLE IV-8

SII,ICON TETRACIILORIDE ItYDROGENATION
CIIEMICAI,ANALYSIS DATA

_peeies

11i e_ Tim_

I

0 Sec Nx

Px

i0 Sec Nx

Px

&Px

21Sec Nx

Px

APx

34 Se¢ N×

Px

_Px

45.5 Sec Nx

Px

_Px

.....

P = 206 psia, T = 500°C

II2:STC = 5.04:1

H2

0.834.4

171.89

0.8314

171.27

-0.62

0.8279

170.55

-0.72

0.8240

169.74

-0.81

0.8216

169.25

-0.49

DCS

0

0

0.0104

0.08

+0.08

0.0009

0.19

0.11

0.0014

0.29

+0,10

0,0019

0.39

+0.10

TCS

0

0

0.0096

1.98

+1.98

0.0206

4.24

+2.26

0.0329

6.78

+2.54

0.0403

8.30

+1.52

STC

0.1656

34.11

0.1586

32.67

-1.44

0.1506

31.02

-1.65

0.1417

29.19

-1.83

0.1362

28.06

-1.13

Legend: Nx:

Px:

_Px:

Mole Fraction

Partial Pressure, psia

Change in Partial Pressure, psia

L
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TABLE IV-9

SILICON TETRACIILORIDE [IYDROGENATION

CHEMICAL ANALYSIS DATA

P _ 206 psta, T = 450°C,

H2:STC = 2,04:1

"'_-_ Species

Reaction T i_e'_._

o sec Nx

Px

io Sec Nx

Px

APx

21Sec Nx

Px

APx

345ec Nx

Px

&Px

45.5 Sec Nx

Px

APx

It 2

0.6711

138.25

0.6656

137.11

-1.14

0.6598

13592

-1.19

0.6533

134.58 .....

-1.34

0.6491

133.71

-0.87

DCS

0

0

0.0007

0.14

TCS

0.14

0.0012

0.25

0.ii

3.09

0,0313

6.45

3.36

0.0019

0.39

o.i!

0.0024

0.49

0.10

0.0496

10.22

3.77

0.0614

12.65

2.43

STC

0.3289

67.75

0.3187

65.65

-2.10

0.3076

63.37

-2.28

0.2952

-60.81

•-2.56

0.2872

s .16
-1.65

Legend: Nx:

Px:

APx:

Mole Fraction

Partial Pressure,

Change in Partial

psia

Pressure, psia
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TABLE IV-10

SILICON TETRACHLORIDE HYDROGENATION
_- CHEMI cAL--ANALYSiS DNm -

P = 206 psia, T _ 450°C

H2:STC = 5.04:1

ocies '

Reaction Time__.._

0 Sec Nx

Px
f

I0 Sec Nx

Px

APx

21Sec Nx

Px

aPx

34 Sec Nx

Px

APx

45.5 Sec Nx

Px

apx

H2

0.8344

171,89

0.8322

171.43

-0.46

DCS

0

0

0.0001

0.02

0.02

0.08295

170.88

-0.55

0.8263

170.22

-0.66

0.8238

169,70

-0.52

0.0003

0.06

0.04

0.0009

0.19

0.13

o.oo14

0.29

0.10

TCS

0.0076

1.57

1.57

0.0162

3.34

STC

0.1656

34.11

0.1602

33.00

-i.ii

0.1539

31.70

1.77

o.o261

5.38

2;04

0.0338

6.96

1.58

-i.30

O.1467

30.22 ......

-1.49

0.1410

29.05

-1.17

Legend: Nx:

Px:

APx:

--Mole Fraction

Partial Pressure, psia

Change in Partial Pressure, psia

I

J
i

I
i
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S I l, I CON TI!TRA(:I II,OR lPl! I IYI_ROt;I_NAT I ON

0 See Nx

Px

15. o See Nx

Px

APX

.:7..1 Sec Nx

Px

APx

29 8 See N,:

Px

APx

3_0.0 See Nx

Px

:\Px

II, I)CS Tt:S STt:

I). 00I) 4

O. 03

O. 03

0. OI)t)O

O. 0.1

O. Ol

0

O

O. 0512

3.33

3.33

O. S,l OS

55 _:'

-1.2.2'

0.5.1,a'"

55..'5

- 0. _"

0.5,113

35. i8

- O, 07

._ 21 i .}

3.1.90

- 0.22

O. 000{_

0.0.1

O. O0

O. O()

t). 02

O, 0o27

.1.08

O. 75

O. (R,5,1

•1.25

O, 17

O. 07,1(,

.1.85

O. 60

O. ,1018

2t,. 12

-2.1-I

O. 39,1.1

25.0.1

- O..18

O. 3927

" 53

-(). 11

O..:,St,',:

25. I.I

• O. 39

l.cgend : Nx: Mole Fraction

l'x: Partial Pressure, psia

APX: Change ill Pall'ti;l| PI't'S:;III'O, p_ia
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_t .............

Spec i es

Re'_'t i on Tim-'6"-.

0 Sec Nx

5 Sec

I

9.8 Sec

13.8 Sec

i
I

Px

Nx

Px

2l ..°Sec

gXPx

Nx

Px

APx

Nx

Px

L_Px

Nx

Px

5Px

TABI,I! IV-12

S I LICON TETRACIILORllDF IIYDRO(llINATION
CltliM1CAL ANALYSIS DATA

P -- 65 I.:ta, T = 500°C

1t_ :STC = 1,3',1

H2

0.5652

30.74

0.5419

35.22

-i.52

0.5358

34.83

-0.39

9.5322

34.59

-0.24

0.5324

34,61

-0,02

DCS

0.0009

0,06

0.06

0.0011

0.07

0.01

0.0012

0.08

o,01

O. 0014

0.09

0.02

TCS

O. 0632

4.11

4.11

0.0798

5.19

1.08

0.0895

5.82

0.o5

0.0888

5.77

0.0,I

STC

0.4348

28.26

0.3940

25.61

-2.65

0.3833

24.91

-0.70

0.3770

24,51

=0.41

0.3774

24.53

-0.04

l,egend : Nx:

PX:

kPx:

bto 1e Fract i on

Partial Pressure,

•Change in Partial

ps ta

Pressure, psia
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TABI,I{ IV-13

KINI!TIC IWI'A LORI,hI,AI I ON

l!xperimental Runs

(1) Temp = 500°C

P = 206 psia

It_:STC = 2.04

(2) Temp = 500°C

P = 206 psia

tt 2:STC = 5:04

(3) Temp = 450°C

P = 206 psia

tI._ :STC = 2.0,1

(4) Temp = 450°F

P = 206 i_ia

II_:STC = 5.04

(5) Temp = 450°C

P = 65 t_ia

H2 :STC = 1.3

PSTC
K1 p P

c, 1CS e, TCS

-1
see

O. 0396

_ _ . . . _

O.O.a.

0.0193

0;0153

0.0489

psi il

21. I

1,1.0

20.5

12.9

5.9

K 1. PSTC

-1
see , psia

0.836

0.396

0 198

0 9QI'I. _llj

Kl, Spool t'ic

Rate Constant

-1
SOC

0.01 ..a

O. 0095

0.0058

0.0058

0.0102

(6) 'l'emp= 500°C
I

J P : 65 psia

II,:STC -- 2.04
L ..

O. 1990 l. O. 0

I. l 94

l 0.0.122

1.5 "/



.................... .... 2T2-:_-_ --_ .... ? -_r,,,, .- ...., . ,_4_" _'_ yr. , ,

The data was ewtluated by testing the correl:itim_ to v:rriou._ orders

ot" reversible kinetic taodels. The boundary cond.itions assumed that the partial

pressm'e of TCS was initially zero and tile pal'tial prc.sstlre of' S'I'C was at the

initial value ill the reactant feed stream (I'o,TC S = 0 P -- initial value)o, S'I'C

For a first order, reversible reaction, the net rate of production of TCS is

!,,iron from the stoichiometry of reaction (4-5) as

d P'I'CS

d t - t:1 (Po,STC " 3/4 PTCS )" k? P. TCS (4-103

['he first term repret_ents the formation of TCS by tlie forward reaction while the

second term represents its consumption by the reverse reaction. At equilibrium,

dPTc S

( d t - 0 at PTCS -" Pe,'I'CS ) equation (4-10) becomes

k I (P , - 3/4 P = k 2 ' (4-,11)o,SqC e,TCS ) (i e:rCS )

Po,STC- 3/4 P- e, TCS
from which ko = kl P

e, 'I'CS

Substituting in equation (4-10) and simplifying

P

d PTCS = k o, sTC

p i p.
e,TCS - t',rc s e,TCS

dl

C4-12)

(4-13)

Integrating with the condition PTCS = 0 and t = 0 gives

P P

e,TCS .... = kl o,STC, tin
p - P

e ,T(:S PT(:S e. 'I't'S

(4=14)

This expression correlated well wLth the experimental data, Figm'es 4-3

through 4-8. The slope of the resulting strai:ght lines from each data set

was determined and listed .in Table IV-13. Wlriation of k I with.-te,llmrat, re

should follow an Arrenheus relation, ltm_ever k 1 should not vary with total

pressure or hydrogen partial pressure--which it does. This indicates that this

pseudo first-order kinetic model does not completely represent the actm_l

reaction, although it fairly represents the system at the experimental conditions.

This is not surprising since many of the factors which intuitively would be
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presumed to affect the re:lctioll (hydrogen partial pressure, reactive surl'_lco

tll't'H of si|icoll, copper cata])'st concelltPat.iol_ {llld gas-._olid COllt/lCt ¢t'ficiency,

etc.] were not studied over a hroad enough ranRe to he incorporated into lhc

modeL. The empirical kinetic model was used to develop the functJonall de:_ign for

Ihe larRer scale fluid lind hydrogellation reactor hy makinp consel'vative assump-

tions concerni.ng the ef".'ects (Y_" the unincorporated variable:_ on the reactor design.

The larger scale lU'ocess design calls for ope_ tingthe hydrogenation

POIIctD'I" lit abOut 500 _]_.. _ where the equil ibrium conversion to TCS is Sl.lbStalltifll]y

higher than at lower pressures. The equilibrium composi.t.kons can be accurately

determJ.ned for any temoerature and pressure from tim discussion in Section 4.1.

To determine the specific rate constant, kl, at 500 ps_g and S00°C, an extra-

l,olat[on was made based on the experDnental observation at. o5 to 200 psig that at

,,00 C, the reacti.on rate constant varied directly with :iw STC partial pressure

and inversely with the hydrogen partial pressure,. Thus at a 1:1 II2:STC ratio

(l_o,Sl,C : 257) at 500 psig, k I was calculated to be O.000S. The des±gn cqua-

t i.on (4-14) which relates TCS partial pressure with superficial gas residence •

tbne then becomes:

P P
e,]C'S o,SIC

in = 0.(XR_3 t (4-15]
P - P
e, TCS PTCS e,TCS

0 1"

thus

o, STC

PTCS = Pe,TCS - oxp [-0.00(_5 Po, T(;S

PTCS = 75 [I - e'0"0216t I

t] 1 at Pc,TCS
: 75 (,1- 1¢,)

(4-17)

i

When similar si.l.icon particle size distribution and COFpC)' catalyst conccntrg)lion

are itsed as in the experimental studies, equation (,l-17) provides a conscrvati\'c

des ign Ires i s for the hydroponat:ion reactor.

.l.3.2 Catalyst Properties and React:ion blcchanism

The catalyst, that has been chosen for the rcdistr[bulion rcnction i:,
.... I,'

..\MIHiRI,_51 ,\-21, manufactured b)' Roh,1 t, llaas Chemical Company. Thi:; material

i_; ;i m;lcrorcticular, styrene-divinyl, benzene resin to w!.ich has been _,l'at'tt'd

di,lcthylamino functional groups. 'the physical properties of the resin "ire

l i:;icd in Table Ill-8.

L, jl , • ,*,_ _ _
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Reactor Resldence Time. Sec.

F IGtlRI:, .1- ._

PLOT OF I'ART1.;\I, I'I,'I!SSURI! PAIb\blt!'l'I!P, VS I',I!.,\C1'(11{ RI!Sll)liN(71! TIME
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Conditions:

500°C

206 PSIA

I[_/STC : 5.04:1 _,

e, TCS 13.29 psia

I0

F I C;LIRE 4-4

PI,OT OF PAP,'FI.,\I, PRESSLIIH! I'AR.,\r, II_'I'I!R VS Rli,\(71'O!_ I_IiSII)I!NCI! TI_II_

_" _ ''_. :,
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Before using tMs materi.al for the redistri.lmtion of ehl.oro:_ilanes,

it was important to determine, in addition to the reaction kinetics and

equilibria, the effects that would result from process upsets, changes in

inlet feed composition, and tIC1 addition (as from mo.i.sture eontaM.nat:ion).

A study using deuterium-labeled tri.chlorosilane and deuterium chloride was

performed to help define the reaction mechanism so that the eI'fect._ of

process changes could be qual:i.tatively determined.

It should be appreciated that ANBEI1Y1,S3t_)A-21 i.s funct:ionally a

terti.ary, aliphatic, amine M_oso chemical activity parallels other tertiary

amines. Zts solubility and vapor pressure have been altered by attachment

to a polystyrene.support. Thus, for the purpose of comparing its catalytic

activity, A-21 could be expected to behave chemically like trihutylmnine

or tr £methylamine.

A plausible reaction mechanism for the redistribution reaction of

chlorosilane is presented below. The hypothesized mechanism involves the

reaction of a chlorosilane with the catalyst to form an ionic, amine-chloro-

silane salt. This is followed by reaction with a second molecule of-chloro-

silane, with rearrangement of the tt and C1 to form two different chlorosilanes ....

e.or.

Hc

R N: + 2HSiC1 +
Me 3 IR_Ic ]-NIl+ SiCI 3 + SiCl;

Me

+ I-ISiCI3

H2SiC12 + SIC14,

_Mc 3"I
-N.v...+..S}Cl

\ a Me
%

CI2IISi..C1 + RN:
He

(4-18_

where R = polystyrene support.

In 1970, Reedy (Ref. 9) determined that tributylamine, similar in

chemical character to A-21, was an effective catalyst for-the redistribution

reaction, lie further determined that the yield was maximized when the

stoichiometric equivalent of IIC1 was added to the amine. In the same year,

Bakay (Ref. 10) found that pretreating A-21 with IICL eliminated the induction

period normally observed when TCS was converted to DCS and STC using A-21.
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When IK:I was added to trict_lovosilane feed to which A-21 htld l_een added, a

significant amount of isotope exchange t0ol; place with the formation of

l_SiC1..,_ I,arge amounts of' ltD nnd SIC14 (Table IV-14)were also formed,

] _(''On the. basis of these ohserwlt[ons, it _s i o,.,lble to conclude that

the rate enhancement observed by Bakay (Ref, 10) and Reedy (Ref. 9) derives

from the formation of an amine hvd_:ochloride:

Me Me
RN: + IIC1 * RN I CI'. i4-19)
Me Me

This reaction would be favored kinetJ.cally over the formation of

the amine-chlorosilane salt. However, the exchange of C1" for SiC13 could

Me ion :
be enhanced by the already established RN II+

Me

Me ÷ Me

RN H+ Cl" = HSiC13 ÷ RN H+ SIC1- + HC1
Me Me 3 ........ "_ .......

(4-20)

This reaction would establish the intermediate complex required

above and would also remove excess HCI from the catalyst site. Evidence

for the latter is given in Table IV-14, which shows that catalyst performance

degraded by a large excess of DCI, returned to normal a short time after the

DCI was removed from the HSiCI 3 feed.

The isotope tracer experiments also showed the formation of large

amounts of HD and SiC14 when DC1 was added in equimolar amounts to ttSi.C13

over A-21. This appears to result from the well-kn0wn, aci.d-catal)/zed, Silt

cleavage by nucleophilie attack of C1' on silicon wi.th elimination of hydrogeni

R-N C1- + HSiC13 _ RN D+ ...ql- _:-_ lID + SziC14.

Me Me _ ' '_

tt SiCI_

(4-2])
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TABLE IV-14

DISPROPORTIONATION OF TCS AND I)C1 GAS IN TIIE

PRESENCE OF A-21 RESIN CATALYST AT 60UC ....

(i)

Time HSiC13 DC1 ItSiC13 Residence
Expt'! Lapse Feedrate Feedrate DCI Time

No. rain. g./mtn, e.e./min. Ratio sec. DC_._I

- (Purity of HSiCI3)

1 30 0.85 0 - 26 0

2 45 O. 85 150 1.0 13 10.9

3 60 0.85 160 1.0 13 12.6

4 75 0.85 75 2.0 9.8 3.8

(Stop feeding DC1 at 75 rain. )

5 80 0.85 0 - 26 0

6 135 0.85 0 - 26 0

7 165 0.85 0 - 2G 0

(2)
Product Composition, mole %

.H3S_IC_l H_SiCl 2 IISi_....COI3 Si_CQI4 Hvs_._._.

0 0.2 99.5 0.2 0.I

0.42 8.75 78.31 12.11 0.42

0 0.12 19.31 63.20 6.45

0 0 18.28 66.53 2.59

0 0 43.15 52.48 0.58

0 0. 04 60.79 39.11 0.06

0.32 8.21 80.42 10.76 0.29

0.40 9.02 79.40 10.86 0.26

(i)

(2)

Based on void space in A-21 resin, i.e., 65% of bed volume

By.gas chromatography: dcu_eriated compounds wcrc not separated from their hydrogen analogy,

i.e., IISiC13 represented IISiC13 + DSiCl_.
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]:I|l'lh_.'l' oVilit'll_'_' I'oi" the l_r_,_ell_'e of lhe :Illtill_'-fil[Ol'O:_il,lllO illt_,'l'

i'_ol;Itt'd tl_in!',, ReI'. 10].

'rhn:;. ill a pv;icti_.:ll *.',en_t,, Ill'l :lddilim_ ¢:_t_ help 1_ :lt'llit, ve ;I i.:lpid

'_t;ll'llll_ of :1 t'l'eM_ cat;tly:;i t'lulr!:e. I:et'tlinl,, ivichloro:_il:lne by ii:;t'li" I_'ill

;Ichiove lilt" s;Inl_' ('l_l'_'_'/ , bill Ivilh ;I 51 i),.hl I)' loll qCr iuduci ion !illle. Adding,

IIt'.l iiv, idvei'l;nltly Inter tm will rt'gult ill the I'ovlll'atim_ of II, and SiWI and

I_'ill I'eguli in dt'cre:iscd II,Si_l ,.Olltpul. IIti_veVel', lhis condition is ll':lll:_it'lil

and nOrllWil ;ict-ivit)' will return when tilt' IK]I is rt,movcd I'l'Oli_ the I't, ed.

t:lulnge.g .in _'ll[o|'t_;il;l_l¢ ¢Ollll_Osition ill the feed ivili ch:m_,.e the effluent

Cmlll_O:;ition accordiit£ to tile kinetics :lnd equilil_viulu consider:ltions that _'[li

be discllssed in ,£ection .I.;_...'.I. tlok'eVt'v, no I1_ or I1{'1 will be fovllied, l_rOb-

M,l.v I_ec:mse the redist,'ibution renction ilWolves exchnn_te I,etl,'een the chloro-

.'4il;lllt' ;llld ;Ill ;llllillO-t'h]Ol'O:4i|illlO t't)llli_lt'X ;lllcl llOt ,111 illllillt' h.vdl'oqhloridc,

•I.3.2.l ....Trichlol'c_silane Itedistribution Kineti<'s

The re:lotion p;lth taken by 'I'lL'4 red istributioil is _OVel'ned b)' re,to'lion

t.l-2] t,_ection .1.1). "l'hi._ i'oactioil lilakc.,4 S'l'tl ;llltll_t]_; iIol_'twcr, b)" l'_O;ictioI1 I,,l-a]

(.,_cct loll .1. i_, Ilt_ lit (:tlril t_l.'OdllCt'._ sOillO 'I'C_ ;llid _1(]_, a l.thou_h tilt, aitlotutt of

.kit's is Sill;ill l. lt'._ thlill I niol.t, _{,'), ;\iso, Iht' rc;it'tioil i-;itt , for Tt!$, rt, ilc'tion

{..1.....'1, i.'-:, ill\it'll ._|tii_'t't' tit',ill til_lt t:of ]1('._, l't,.(Ic'tioll t.l-;4], t]Oll._t, qtlOll[ [)'. l'OactlOll

(.1-21- iS c'olitrollillt_ tilt" r,lte of qonvt, rsioi_. 'l'hi._ ill, ikt's the ;ill;ilvsis ot'-ilit'

kiilel ic._ 1"o{' 'I'C_ l_cdistribl.it ioti liluch .<,iiliplor-since Ol_iV one rc;Ic'l ion llt, Cd

bt, c'oi15 { dt, l'oil.

..\il t'xllilliilalion of I:i!ttil, t' .l-t.I l'or "I't]S rodistril_lil ion CXl_¢l'iiliClit;ll

dala ro'l,t, als th:lt tilt" ll;lt;i t'or tht" lhrt, o dil't't'rellt bed ICll?.lhs do llol l'_lll

oil lll¢ S,iliit' c'til'Vt'. 'it l. llC ._:llllOt't'._idt'llc't" t illlt' for c;Ic'il bed lenl.s, th, tilt

liqilid 11i;.I;_5 vclocil)" i._ ttre:itc.,_l t'oi. tile .l-iilC|l bed leill,_lh ,llld Ilk' t,l*l'lilenl

'l'tLg l'OlICOll|l';lliOII i':, COl'l't'Dl_oildill_l.%' lol_'t'l'. This ol'l*cc'l \';Ill hi' COllsidcrt'd

:ls ,i dit'l'usioll I_llt'llOIllt'lIOIIi l,t_th liquid velocity _lntl lt'llll_t'r',lliirt' _ll't' stroll)_.l) •

_'Olitrollill!'_ thl" _llllOllllt of t'Otl'¢t'l'SiOli t'1"o111 tilt" c':lf_ll)._l Y_ill'l';It't' Io lilt' bulk

1 iqilid.
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_il_'+' tht, t'_' nl'_' two mol_,_'tlt_,:+ _+t" 'l't'.,g inx'++Ix'_'tl it_ Pt';l_'l it+It (,I .!),

ll+c l'++';l+'(i(+ll l'+Itt' i._ l_l'.ol+:ll+Iv .++t'_,'OllL1--Ol'+lol'. The 'l'(Lg d;ll;l _.q+Ig l'if'++l lt't,l+'+l

wi lh l'i l':_l t+l'+,It'l" +llld .g+,'u't+lltl of'dot', l't'X't'l'+g il+It', l'O+I+'l ion l'+itc.' otltl;l| i_lll', l+tlt

n_'ith_'t' I+l'o\+od :+tit isi'nctot')' I+e+'nx+._;t, t+l" the +lil't't;si_+l_ L'l'l++'ct. :\ ++_'Wmnth,'

Ill;It i,',ll III_.+LI_.'] W,I:; thL'll dev_'lolt_,,l Ill:It t:lkL'_, into L'_+IlSi_IL'I':II iOII tht' dJl'l'tlsiOn;ll

+'l't'o_'t. 'l'hJt< illod_'l is +l+'s_'l'il_'+l Itt'loxv.

The 'l'C,g +,li Sl+_'Ol+ortionnt ion t'o:_ct ion is---t;iv_'n ILv _'¢'n_'t i++n (.I ._-') :_.g

2 113-1iC1 _ SiCl +. II+:-:,iCl, (.1-2)
3 ,1 - .

I:o_" s_.'cu_._d-ot'det', it" dil't'usionnl t'osistitt+tce is iBnot,ed, the., t'e:;_.-tion

v4 t _., is'.

.+

, +_ K3r_ = k..ix;_ x,.xl/ 1,

xx'h_'l'e 1:-..,+J._ tl1_' l'+,';ICtJOll l'ilte; X+,_ X+,.+ ;Itld X l ;11"_.'lll:lJlt::,tl'_'ilnl _'o11_'_.,11t Pill lOll.q

of l+C,g, 't'C,'g :tnd S't'i'; K,. is the 'I'C,_ eqt;it il_rittm const:+nt t'or t'e:_ct ion '" :tnd

k.+ is the 'l'L'.S-t'_.':tction-t'ht:e u'on:_t,_nt. When diFi'ttsiotl:tl I'_,si.gtnttco+,;.:tt't,

includ_,d ltetwoen tht, IZl:linstt'O:tln 4nd tho :tot ix'[' _':it:tlv+,+t sttt't'nce, tll_, re:z_'t ion-,

I'ni _' l'X]+l't'sg ion bi't-Onli'.g :

t'+ = k .L'. ', ::l./k_1,', 3 .'+ .. • • ' ['I - .-'5 )

whore : is 4 _'oncelit-t':ltion on the c;_t:i[.'+'st.st_ri;;_,:e th4t h,t:, l_,en isol:_t_',l

i'l'onl the lll:lil+tStt'_':|lll bx" 41_ idc':_ti:._'d s_t::t_'+u,tut- i'illli-of ;I _.'_'t't:_in thicl, n_":s.

l'hi:: model ntip, ht_Ite, thought of its 'I'CS in the bulk oi" the' m4in:_tr_':nn l'It_id

h+_vin,t, to diFFuse tht'otlgh :t stn4nnt+t film to t'o:tch the _-;_tnlvst '_t_vl'4ce :tnd

th_';x l,eitx+,, l'edistt'ibttt_.'d it,rio DL'.S _+xd STC, 'l'h_' tICS :I;_I S'I'C th_,;_ h',tvo to"

,lil'l'tt:_e l+:t_'l, thrott_,,h the l'i-lm l+el'o_'e th_,v _':tn t'_,:lu'h the" Inninstv_':_nl llt_id.

'l'o l'illd the.' _.'Ollll+Oll_'llt COll_.'_.'lttt'ilt'iOllS its ;l l'tln_'t ion of l inl_', tl+_'

i't+ l lo_ i It+', d i l'l'et'ell t ill I - :I I )'j.'l+l':l i._." _.'qt,l:it +i Olt.q nnlst 1_' sol x't'd :



• (z 2x 3 = -2k3. , - z2z,l/K3') , (4-24)

x 2 = 0.5 (l - x 3),

x 4 = O.S (1 - x 3),

where i3 :isthe derivative of x3 with respect to t Lme. To perform the

integration, z2, z3, and z4 must be expressed Jn terms el; x2, x3, and x4.

This is accomplished by using a diffusion model that depends ell liquid

diffusLvities of binary pairs for the components TCS, DCS and STC and by

assumLng that diffusivities are independent of molal concentrations.

The reaction-rate constant, k3, in equation (4-24) accounts for the resi.s-

tance to conversion at the catalyst surface and for the diffusion resistance

through the film to the bulk stream.

An error-squared, minimization numerical analysis was perforlned

on the data to determine the relative proportions of conversion resistance

resulting from diffusion and active surface kLnetics (k3). The amount of ............

data available was insufficient to establish this proportionality (the

error sums were not strongly dependent on the diffusion/surface kinetics

resistance ratio). Therefore, the data have been correlated using super-

fLcial fluid velocity as an independent parameter. For tilis-correlation, the.

diffusionand surface resistance were lumped into the computed, best-rate-

constant, k3, term. TCS concenllration as a ftmction of residence time for

constant fluid velocities of i, 2, and 4 ft/hr are presented in Figures 4-10

and 4-11. The experimental points superimposed on the lines of constant

velocity show good agreement. In Figure 4-12, the reaction rate constants

are shown on anArrhenius-type plot. The experimental data are. lj.&ted in

Table iV-IS.

4._.2.2 Dichlorosilane Redistribution Kinetics

As stated Ln Section 4.1, the DCS redistri.bution is a complex reac-

tion that inw)lves the following three equations:
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CATALYTIC REDISTRIBUTION OF TRICItI,OROSII,ANf!
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2ol

2.1

1.2

1o2

0,63 0.15

0.63 0. ii

2.1 0.07

2.1 0.08

1.0 0.03

1.0 0.02

- 0o61

0.61

7,2 0.14

7.2 0.18

12.22 0.22

12.2 ...... 0,.21

5.1 0.18

5°1 0.15

23.5 0.25

2305 0.23

23,5 0.22

36.55 0°43

36.55 0.34

H3SiCI* H2SiCI2* llSiCl

4.76

3.10

3.03

1.97

1.75

1,26

1.04

1.38

1,37

0,99

0.97

0.57

0°51

3°89

3.96

2.43

2.44

1.77

1.69

• 6.25

5.93

7.08

7.18

5 o01

5.02

8.75

8.90

9.39

9.17

9.60

90.64

93.87

94.19

96.42

96o74

96.72

98.04

97.29

97.40

98.13

98.16

98.79

•98.92

92.65

92.52

93.41

95 o44

96°83

96085

88.62

88.33

86.08

86.05

90.32

90o16

82.65

82°76

82034

81o82

81.37

* SiCl *
3 4

4.6

3.03

2.78

1.61

1.51

1.02

0.92

1,33

1.23

0.88

0.87

0.49

0.46

3039

3049

2.13

2.10

1.40

1.46

4.99

5.56

6.62

6.56

4.49

4.67

8034

8oll

8.05

8.58

8.69

Bod

llei_ht

(Ins.)

0.5

It

II

II

I!

II

II

11

It

It

II

II

It

II

II

II

II

11

II

4.0

t!

II

tt

I!

t!

t!

!t

!t

II

tl

* _lote
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(°c)

56

5(')

56

81

81

81

81

81

81

81

81

180

180

TABI,E IV-] 5

CATALYTIC REDISTRIBUTION OF TRICHI,OROSIIANI! (Con Vt)

RT

CMin) HsSiC1 I125iC12" HSiC13*

Bed

, Height
SiCl4 (Ins.)

36.55

52.7

52.7

7.9

7.9

5.0

5.0

14.45

14.95

• 27.2

27.2

0.25 9.56 81.37 8.82

0.36 9.58 81.07 8.99

0.40 ....... 9.62 80.82 9.16

0.37 9,81 80oll 9.71

0.46 10.16 79.40 9.98

0,34 9.06 81.27 9.33

0.48 8.99 81.58 8.95

0.46 10.64 78.72 10.18

0.45 10.66 78.77 10.12

0.50 .... 10.63 78.66 10.21

0.57 10.72 78.55 10.16

0.66 9.79 80.52 9.03

0.33 9.77 80.74 9.16

4.0

If

If

If

If

If

It

If

ft

If

I!

1l

If

= _

Bed

56

RT

(Min)

18.5

SiR4 H3SiCI* H2SiC1 o, HSiC13, SiC14 Height,. (Iris.)

0.13 7.03 86.37 6.47 2.0

56

56

56

56

56

56

56

56

81

81

81

81

81

18.5

8.2

8.2

5.1

5.1

5.1

2.8

2.8

9.3

9,3

4.1

4.1

2.2

0.04

0.06

0.16

0.04

0.53

0.03

0.21

0.12

0.05

0.06

0.02

0.03

0.03

0.03

0.69

0.44

0.19

0.22

0.35

6.88

4,60

4.81

3.46

3.45

3.38

2.38

........... 2.32

9.42

9.53

7.38

7.33

5.89

86.57 6.43" "

91.23 4.08 "

90.91 4.16 "

93.32 3.04 "

93.53 2.95 ff

93,79 2.83 "

95.62 1.97 ')

95.58 2.04 "

80.70 9.19 "

80.86 8.64 f'

85.81 6.59 "

85.86 6.59 "

88°58- 4°97 "

* Mole %
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21ISiC1 3 _-SiC14 + It,SiCl_,. , (,I-2)

ItSiCl + II.SiCI and (4-3)21I.,S idl _ . ,

211.@it1 '- 112S:iC12 + S:ilt 4, (4-4}

The DCS reaction (4-3)makes TCS _md MCS and reaction (4-2) produces STC

and I_{;.S. At the same time, the MCS results in more DES and silane,-xhe

desired product.-There i.s considerable conversion of all the chlorosilanes,

except for STC. For example, feeding 100°o DCS to a redistr:[buti.on reactor

at 80°C and containing A-21 resin catalyst results in the followi.ng equili-

brium product composition: 10.2 lnole ."_ sllane, 15.6_ McS, 38.8,°_ l)CS, 34.70d

TCS and 0.7"o STC

Mthough the kinetics of the TCS redistr.ibution reaction could be

analyzed witll a si.ngle, second-order rate equation, the ki.netics of the DCS

redistribution reaction emmet be analyzed so simply• l-lmvever,-assuming for

the moment, a second-6rder rate equati.on, the reaction rates for equati.ons

(4-2), (4-3), and (4-4) are:

r 1 : k 1 (C_ C0 C2/K1),

r 2 = k 2 (C22- C1 C3/K2), &nd

r 3 : k. (C_ - C2 C4/K3)
_OI. t

(4-25)

(4-20)

(4-27)

where C0, C1, C2 C. and C4 are mole c6neentrations of-sl.lane, MCS D_CS, TCS

and STC, respectively; k is the rate constant; and K is t.he equ±librium

constant. In terms of reaction rates, the rate of change of composition with

respect to residence time i_ given by the equations below:

Co = rl. (4-28)

C1 = r 2 2r 1 (4-29)
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(_'2 --"rl + r3 2r,_. (4-30)

e

C = r._ - r_ (4-31)

C4 • r. (4-32)O

Tile integration of the fi.ve differential equations (4-28) through (4-32)

produces the values of the chlorosilane concentrations at a specified time.

The calculated concentratiens were comparedto the experimental

points and, wlien tile sum of tile :_quares of the relative differences between

the calculated and experimental poi.nts were at a minimum, the results were

as given in Tables IV-16 through IV-i8 for the three temperatures 32, 56, and

81°C. The experimental data i3 reported in Ref. 12. Figures 4-13 through

4-15 show the excellent agreement between calculated and experimental points.

It is apparent t.hat at tile highest temperatures reaction rates are the-fastest

and the time required to reach equilibriun_ i.s the shortest. This is graphi-

cally illustrated in Figure 4-12, where reaction rate constants are plotted vs

I/T. The only deviation is the TCS rate constant at 8l°C. Also, the TCS

rate constants derived from the DCS red'Lstributi.on reactor are higher than

the TCS rate constants derived from the TC.S redistribution reactor. This

c,_n be understood by examining equation (4-27) The TCS rate constant k. is

calculated using TCS, DCS and STC concentrations. In the DCS reactor the

amount of STC in tile effluent stream is low, usually about 0.1 to 0.5 mole %. ..................

Therefore, it is difficultto measure accurately. The calcul:Jted rate con-

stant k includes the effect of diffus4.on, flowereT, the DCS exl_erimental

data does not show the dramatic effect of diffus.ion (as-did TCS, Figure .1-.9)

aTld diffusi.on probably plays a lesser role i.nthe DCS redlstribut.ion.
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TABI,E 1V-.16

DCS REDISTRIBIITION DATA CAI,CtlI.,ATIID

IVITII SECOND-ORDF.II RATF, t!QUATIONS' AT 32°C

Hinute.s

c0 " CO ..... CI CI " c? ..... cp - " C3 C!_ c_ c_ SPACE
[XPHNT CALC?O E_PMNT CAI.CID £XOHNI CALCTD EX_MNT CALCTO EXPNNT C_LCTO ,. _IME

"'0.00?_00 0,002_00 0.0_5_00 0.03_..00 0._6100 0._'._100 0.012_00 -0.01_00 0.003_00 0.003400 0.0

_O.O0_PO0 ..O.O03PP?..O.O_700 0.05.111. O.e_'HO0 0._9_'*0 __0.05_'_00 _0.03_158 .0.002100 O.OOPI03 ........... O.PkO000

O,OOh_O0 O,OObO_ 0.0_7_00 0,0_1030 0,_30_00 .0,0_73_ O,08_hO0 0,0_9_1_ 0,000000 0,000910 0,?00000

0.00_00 0.001231 0.07_00 O.OB6w70 O*_JbO0 0._3|_ O.OBg_O0 0.07?_2_ 0.001000 0.000751 0.8_0000

. O.OOq_O0 O.OOql_2 0.0_6500 O.O'_3b_ O.ROI?O0 0._0_0_)0 0.101_00 .0.08_555 0.000_00 0.000580 |.000000

0.017100 O.OOq_a2 0.0'*2500 0.0_61]_ 0._0_00 0.800_:1_ O.IO0_O0 0.092755 0.000600 0.000531 l.OTO000

__0.011100 O.O!Wl_l 0°105100 O.IlSltO 0.?_5_00 0.7J_85_ 0.135(.00 O.lJOB_q 0.001000 0.0003_6 l.?qO000

0.0P5700 O.OP0801 0.10_100 0.1175_ -0.?i_?00 "0.72_1| -'0.'152800-'0.13_bb-_0.000500 "• 0.000350 ........ 1._0000

0.057_00 0°0_56_ 0.1J_100 0.1_0361 0.5_8000 0.576389 '0.260300 0.P13681 0.000200 0.00090_ 4.260000

--0.0_7_00 0.0_??_ 0.151500 0.1_.687 0.$61300 O.bb?802 -0._3_900 "0.237_2"0.000400 0.001_51 ' 513_0000

O.O?_SO0 0.070|_ 0.151500- O.IuRI27 0.k9_500 0.517275 0._76300 0.262731. O.OOq?00 0.001733 6,990000

0°071_00 O.O?l_l 0.151S00 0.1_355 0.431900 0.5135_.9 0._7_00 O.?bSObO 0.001300 0,.00178_ 7.170000

1. 88 =232
CO = sllane mole fraction K 1 = "'I
C1 - HCS

c2 = DCS K2 = 0,319 --k 2 = 0.0945
C3 = TCS

c4 --STC K3 = 0,0149 k3 = 0.0323

K = equLlibrfum constant-

k = reaction rnte consthnt

TABLE IV-17

DCS REDISTRIBUTION DATA CALCULATED

WITH SECOND-ORDER RATE EOUATIONS AT B6°C,

Hillutes

.... CO ....... CO ....... Cl ......... C[ C_ ........ c_ * " C3 ¢3 C4 C4 S_ACE

_XP_T CALC_O _XPHNT CALC_O ZAPWNT ...CALCIO ... [XPMNI CALCTO . _XP_Nt C&LCTD TIME
"-0.007@00 _.O0£gO0 0.035_00 0.035_00 O.q_6100 0.9a6100 0.01_200 0.0|_00 0.003400 0.00_00 0.0

O.gOPhO0 O.O0_q 0.0t3?00 O°OBbB_ O.Rb030O O.BI?_TZ 0°011200 O.ObBq_ 0.00_000 O.O02t_B 0.130000
--O.O0_qO0_.O074_ o.ild_O0 0.11)571 -0.?75_00 "0.?t4191-0°|03_00 -0.103152_0.001P00 0.0015_ 3 ...... 0.£30000 i

0.03|?00 0.0P2_3_ 0.115J00 0.1503_b 0°6_500 0.B55|19 0.181_00 .0.171037 0.002300 O°O010il 0.510000
"- O.O_P_O0 0.01131_5 0.1_1_00 0.157855 0.h02600 0._13335 0.205300 0.190_6 0°002_00 0.0009_9 0°660000

0;05k700 O.OklIO0 O.|_9tO0 0,I_30_ 0._51700 .0,55_93_ 0°_3£00 0,23_639 0.00_00 O*OOl_2q 0.950000
-- O.05tO00 0°050_0_ O.tlqlO0 O)lblb2? 0°5_3800 O._3_b 0.215700 0._*0480 0.000_00 O.OOI3Z_ 1.030000

O.Oflq_O0 0.07461"_ 0.162300 O.lO_bOJ 0._9_100 0.4)_39 O.27bO00 0°_84559 0.000800 O.OOZ_6 *?00000

_0.0_00 0,0)1837 0*151_00 "O.lO_OOO "0._77900"--0*_?16_ "'0._8,7300"--0._90510"--0*000Z00 0.002485 ............ 1.040000
O.08R_O0 0.0913_? O°|b0900 0.199_93 0.4k0300 O.k]_6f} _.309_00 0.3|]0_9 O)O00bO0 0.003_5q ?°b_O000

- 0°0_5_00 0.0q_606 0.1._0600 O°tS')21_ 0._100 0°_2q515 0°301_00 0o3150_" 01000_00 0o00356q °-- _.750000

O0 _ silan_ mo-le fractlc

C1 _ _CS

C2 = BCS
C3 - TCS

C4 = STC

K1 = i.7S kI = 4.21

K2 = 0.340 k2 = 0.532

K_ = 0.0178b k"3 = 0.0723

K ; eqt,llibrium constant

k = reaction rate cotlstallt
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TABLE IV- ].8 --

DCS REDISTRIBUTION DATA CALCULATED

 qi n-i s ico   -oaD  RATE EQuA rlONSA'r ao°

bllnutes

..... Co .....CO ... Cl _.. Cl ._. ca 'ca..:.....,.c3 ..... c: ..........C_ ....... c_ .....................SpAct ......
EXPWNT CALCtD EXPMNT _ALCTO _XPMNT CALCTD _PMNT I CAI.ClD EXPMNT CALCTD _I_

0,002000 ..0,002000 O.O_B400 0,03_00 0,9_hlO0 0,9_6100 0,0|2_00_..0,0|2200 _O.O03kO0 .0'.003_00 .............. 0,0 ........

--'0,013500 O,Oll3_q 0,I13_00'" 0,1352V.] 0.72_00'-0,71_|0;- 0,137000' 0,|3_756 -0,00_00 0.000507 • 0._5000

0,0_0_00 0.0_5|75 0,137100 0+159931 0._8900 0,6_7_ 0,182_00...0,1.B5_3_:_0,00_}00._0,001125 ........ 0,_20000 ........

"_0.00_?00"--0.06|062"-0,_01B00 _0_10_600"-0,_300 0+50_602 0,_69600 0,263769 0.00|000 0,00_877 0.500000

_.0.073300._.0.073376 .0.110800 0.167981.. 0,_7_100.'..0.t,697_3 .O._83100.__0.2B530B_O.O00900..O.O0361_ ........... 0._50000 .....

CO _ silane mote fr_ction K1 : 1.64 k I - 9.58
C 1 _ _CS ....

c2 _ DCS K2 : 0.3594 k2. : 1.44
C3 = TCS

c_ : STC. K3.: 0.0210 k3 = 16.2

K = equilibrium constant

k = reaction rate constant
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,t.3.2.3 i'xperilnental Results

The kinetics for tlle redistribution of chlorosil:lnes were nleasured

exl_eri.mentally for both liquid- and vapor-phase reactants at tenlperatures f|'om

32 to 8(l°C. The experimental apparatus is illustrated in Figure .I-lO. The

chlorostlane feed from a pressurized reservoir was fed through a preheat

section into the reactor containing the AbIBI_I/I,YS'I_A-21 catalyst. The effluent

was reduced to atmospheric pressure and vaporized. A portion of the vapor

was routed to an on-line gas chromatograph for analysis. The flow rate was

monitored b), the level .in the feed tank or by a flm_neter on the wq_or out-

let. The liquid-or vapor-residence time in the reactor was wtried b)' changing

the reactant flow rate within small limits and by changing the diameter/packed

length of the reactor for larger ranges.

f_
The AMBERLYS'I_ A-21 that is comnlercially available (Table III-8) is

saturated with _ater, which must be removed prior to contact with chloros[lanes.

The preferred method is to extract the water with alcohol follou'ed by a non-

protic solvent sttch as toluene or R-113, which can then be evaporated or ex-

tracted with SiC14. Drying the resiu with warm, dry air can result in partial

oxidation and/or loss of amine functionality. Complete drying of tlie resin

(unless destined for vapor-phase reaction) is avoi.ded since swelling of the

resin from the dry state by liquid chlorosilanes (or any other solvent) could

result in high :_ternal pressures and physkcal _lamage.

In a typical preparation, a column packed with damp catalyst uas

flushed with three volm_ms of ethanol (200 proof) at a 20-minute space-time

rate, TMs was follm_ed by a flush _,ith three volumes of toluene, t*ottowed

b)" a flusl', with three volumes of SiC14. All flushes were performed in a

sinli.lar rammer. The level of residual solvent after each flush _'as less than

O. 01o,,.

The chromatographic analysts procedure for chlorosilanes _'a:; the same

as that described in Section 3.1.2.1. The results _'ere reported using a

Ile_'lett-Packard 5831A Reporting Integrator. Duplicate runs _'ere made until

the II:C1 ratio of the anal)'zed product matched that of the feed. This ensured

that no errors were injected into the ddta by sat,piing errors.
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The equilibritun compositions were obtained by using a 2(_-foot-long

reactor at a reactant flow rate equivalent to ¢_ 1-hour residence time. The

results of liquid- and vapor-phase sections and equilibria for IISiC1.
,3

(II:CI = 1:3) and tI_SiC19 (H:C1 = 1:1) are l:isted in Table IV-19.

A series of experiments were made with varying flow rates at each

level of catalyst in the reactor for liquid-phase reactants to aid in deter-

mining the kinetics profile. The raw data are presented in Table IV-15 and

Tables IV-16 through IV-18. Analysis of the data and development of a kinetic

model is discussed in Section 4.3.2.2.

q
'i

TABLE IV-19

CHLOROSILANES REDISTRIBUTION EQUILIBRIA

Feed DCS TCS

Temperature, °C 32 56 81 56 81

Effluent Composition

(Mole %)

Silane Ii.50 11.59 11.98 - -

MCS 15.5 16.10 16.66 0.38 0.50

DCS 40.22 39.53 37.46 9.60 9.78

TCS 32.62 32.69 33.36 80.95 80.63

STC 0.13 0.I0 0.54 9.08 9.06

NOTES: [1)

(a)

(3)

(4)

Column dimensions: 0.18 inch I.D., 2b feet imJN

Catalyst: ANBERLYS_A-21

Residence time: 56 minutes

Resin dried by extraction with ethanol, followed by R-II,
and air dried.
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.1..I \',.\POI_-I,LQUII3 I!QUII,IBRIA

Separation of the chloa'osi, lanes must be made .in conjtmction with the

tvichlovosilane and dichlorosilane redistributiorl reactors. This is accom-

plished by four disti.llation columns (Figure 5-1, 432-02, 432-04, 432-0b,

432-08). The net effect of this distillation-redistribution train is to move

the hydrogen-r.Lch chlorosLlanes forward for ultimate production of pure silane

and to move the chlorine-rich chlorosilanes, metal chlorides and hydrides

backwards by means of distillation separations. The impurities are finally

rejected through the settler and stripper sections (Figure 5-1, 421-04,

432-02). To effect accurate design of these distillation columns, the vapor-

liquid equilibria (VLE) of tlle chlorosilanes have to be known.

:1.4.1 •Binary VLE of Chlorosilane Mixtures

The required data are the binary VLE of the STC-TCS and DCS-TCS systems.

The need to acquire these data was recognized earl), in the program. The STC-

TCS binary data were found in the open literature (Zanta, at. al., Ref. Ii), and

the I)CS-TCS bLnary data were experimentally determined.

4 4.1.1 K Value Model

The vapor and liquid phases in a binary system at equilibrium can

be represented (from tlaormodynamic considerations) by the following relation-

sh Lp :

yP_ = yfx

y _'f
x PI_

(4-33)

t_

In the model cho;en for chlorosilane mixtuves the liquid activity coefficient

{y) is determined by the Wilson equation, the liquid fugacity (f) is calculated

at the vapor pressure wi.th the Poynting correction, and the vapor fttgacity

coeffici ent (_)) is found by the Prausnitz-Clmeh-Redl ich-Kwong eqtmt ion of

state (PrausnLtz, Ref. 13). The advantage of the Wilson equation is that
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vapor-liquid equilibria calculations can be madefor systems having throe
o1' more componentst;sing only binary data. The correctness of the chosen K

model was verified by the extent to which the experimental vapor-liquid

equilibria data were reproduced by it.

4.4.l.2 Silicon Tetrachloride-trichlozas-ilane, Binary, Vapor-liquid Equilibria

Experi-,ental data for this system at 1 atmosphere pressure are avail-

able from the open literatare (Ref. 11), and are given in Table IV-20. The

Wilson parameters were derived with the aid of a computer program that used
the quantities f and _ given in Section 4.4.1.1. The newly found Wilson par-
ameters were then used in the K model and the K values were calculated at

the experimental points. Figure 4-17 shows the good agreementbetween

calculated and observed points. A plot of the liquid activity coefficient

(Figure 4-18) indicates that there is a small positive deviation from Raoult's

law for this binary system.

4.4.1.3 Dichlorosilane-trichlorosilane, Binary, Vapor-liquid Equilibria

Experimental data were taken at three pressure levels: 100, 200, ._

and 300 psia. As in the case cited above, 1Vilson parameters were determined

and calculated K values were compared with experimental values (Figure 4-19).

There is excellent agreement. The smaller numerical vaIues of liquid activity

coefficients (Figure 4-20) reveal a smaller positive deviation from Raoult's

law for this system than for the STC-TCS binary. This _s to be expected

since the DCS and TCS molecules are more similar than are the STC aLd TCS

molecules.

Theextensive experimental data acquired for this system allow

another check on the validity of the K model chosen in Section 4.4.1.1. Using

only 100 psia data, the Wilson parameters were found and then used to calculate

K w, lues at 300 psia. These were then compared to the experimental 300 psia

data. Figure 4-21, presents this comparison and reveals that excellent agree-

ment exists. This example illustrates that the K model, given 100 psia data,

can accurately predict data at the higher pressure of 300 psia.
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'IABI,I! IV-20

pTxy DATA FOR TRICHLOROSILANE (,i) -

AT 740 TORR*

SII,ICON TETRACIILORIDE (2.).

blole Fraction

Liquid Cxl_) Vapor (yl)

O,007 .020

0.049 0.119
0,050 0.122

O. 172 0. 350
0.214 0.416

0.308 0.521

0.463 0.668

0.590 0.758

0.693 0.826

O.796 0. 887

0.833 0.908

0,894 0.943

° C

55.75

54.0

53.45
48.3

46.85

44.8

40.9

38.2

36.6

35.05

33.10

32.5

*Zanta et al., Ref. ii
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FIGURE ,1-17

COMPARISON OF EXPERIHENTAL AND CALCULATI{D K VALIIES
FOR STC-TCS BINARY AT 740 TORR.
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LIQUID ACTIVITY COEFFICIENT FOR STC-TCS
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DCS LIQUID _OLF. FILACTION

FIGURE 4-19

COMPARISON OF EXPERIMENTAL AND CALCUI,ATI!DK

VALUES FOR DCS-TCS BINARY AT 300 PSIA
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BINARY AT 300 PSIA
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•I..|,?. V:qmv,.liquld Equilil_vi'_ _1" t_hloro:;il;me, I,il;ht-g:ls lqixluve:;

The K _nodel in Section .1.4.1.I cannot be used in the .;ettlt, v aml

stl'il_l_el' s)'stelils becallse oper;itillg te111[_e1'atu1'es ;11,¢' _IbOV__ the criI. ic;ll IoM-

pel'atltl'Os of lllally Of the-co111poile1_ts aild ;I vapor pres:qlrL, doe._ llOt exi'._t l'ov

!,ases such as nitrogen or nlethane. 'l'hereforc, the l iqt;id l'u!;acity in equa-

tion (,I-33) is indotermilmte. In the new K model, as Mu_wn below,

K

)'_ II exp (P - P sat
- _ i ) \',/RT. (,I-34)

X

" P_2

K, |:or the gaseolls eolnpolte]It, is expPe._sed ill the _vpl'esstlPe-_'Ol'l'e¢_ed _ lietll')'vs

law t'ornl (Prausnit.-., Ref. 13_. 'l'lw Poynting correction anu _, ave assumed to

he close to one and equation (3-34) becomes

II
K = _. (.1-35)

liquation (4-35) can be compared to equation (.1-33), where _ and I_ are set equal.

to one, It is seelt that llenryts constant is set equal, tO the psuedo vapor

pressure for each component occm'ving at te1111_e_;atures above tilt' critical tcm-

peratut'e.

.l.,l.2. t tieary's Constant

ILenry's constant i.s defined as

t+

f2
1t = li.nl _ as x, "_ 0

t'l- 3tq

Values ot' 11 were found by measuring tile sotuhilities of N.!, t',ll 4, UO+.+ and IIC1

in the chLorosil.anes BUS, TCS and S'I'U at 30 and btl°C, lk'cm_se of the toxic

and pyt'ophoric natures of B211(, Pll 5, II+S. and II,,_ tile solul_ilities of thc:;e

gases were estimated by tile follm_,ing, procedure (King, Ret'. 1,1). Although

gas solubility ot" one particular gas varies greatly ft'otlt solvent to :;olvent ,-

191",



the ratio of solubilitie.q of _wt_ ga._e:_ remains reln_ivel)' c_m_tnnt. These

t';ltlO:_ Wt'l't' Hppl[t'd to the' t'Xpt'l'illlt'llt_l| t'h|Ol'OSil;lllt' dHt:t to ;il'l'i\'t' at thp

e:;tinmted..solul_ility values, The mea:_m'ed and e:;tim,_t_'d Ilenry',._ ¢m_:;t:lnt,._

a_'e g, iw'n in Table IV-2[.

.1..I.3 I!xperilltent:ll Apparatu._ and Procedure

.I,.I.3. t I)CS-'I'CS Vapor-liqttid liqttilibri:l

]n the past, the c tassi.c method of ol_tatntng exl_erimenta[ vapor-

liquid etlnilibria (VI,E) consisted of measurLng liquid and vapor con|po._itions

over the cOlnl_Osition range and at eithel" constant ten|l_eratt|re or pressure

(l'Tx.v data). '['l_c fault with this method ks t.hat uncertainties call occu|'

bec:_use liquid and vapor :malyses b)" smnpl ing are prone to error, especial l y

the latter, q'l_e latest state-of-the:art Ln VI,I! n_easurements i.s to take P'['x

dat:l and then determine ), from appropriate tlmr|nodynmnic equations (l_et'. 13).

In this m::nner, no analysis of." liquid or vapor i.s requi|'ed.

A t_|'erequisite to this method is tl'L_t x. the liquid ¢ompositiotl,

umst be determined very accurately. This is accolnplJshcd by weighLng each

component in a stainless-steel vessel with an accurate analytical Imlance,

sons-it ire to.O.O01 gram ...... A small correction to tile liquid-phase composition

is made b)' determining the amount of each component tlmt exists in the vapor

space.

l)ata were collected tit tile constHllt pressures of I00, 200, and 300

p._ia nnd the boiling point uas measured for :;ix different mixtm:e compositions.

I_etailed procedures are given Ln Ref. 15. The eXl_erimental data are listed

iu Tables 1\'-22, I\'-23, _lnd IV-2,1.

.1.1.3.2 \'allOt Pressure of DCS :lnd 'I'CS

'l'hi._ proct?dure also lleCes._it:ll-t's lllt, asuring the vzlpor prt,.qstlrt, of

t'_lt'h _?OlllI)Ollt'llt ill the StllllC ,ll_par:lt-ns that is t'llll_loycd ill VIA! Illt'_lSlll't'lllt'llt._;.

Table IV-'C_._ ¢o|ltains the vapor pressure dat',l for tile tlul'e ColllllOll_'lltS ill I(Itl,
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CI 14

CO_

IICl

Pll. **
2)

II_ **

II._S**

Argon **

TABI,E IV-21

GAS SOI,UBII,ITY IN CIII,OIIOSIlANES*

ttI:'NRY'S C,ONSTANTS (NFM/MOI,E I:RACI'ION]

Dichloros t lane

982

247

72.4

53.0

33.0

25.5

30°C

1 richlorosllanc

899

238

76°3

62.4

31.8

2445

Tetrachloros i lane

8,i (_

222

75.8

67.2

29,8

16.10

15.7

40b

,i$,I

N
)

t:ll 4

IICI

B211(**

PII. **

II,S

II.

Argm_*

Dichlorosilane

747

253

92.0

69.5

43.0

32.0

60 °C

Trichlorosi lane

79,1

260

98_7

81.2

42.5

31.8

Tetrach loros _1ane

772

246

99.9

89 _0

38 o5

29.5

20.5

list}

3bO

* P,..ference 16.

_* I!s! imatod Value
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TABI,I{ IV-22

H'x DATA I:OR I}1CIII,OI_OSIIANE (]]-TRICJILOROSILANI! {2) *

zI x 1 T(°C)

0. I{.}95 0. I{.}76 94.3

O. 3395 O. 3372 88.6

0.3{.}92 0. 3969 85.6
0.5043 0 _.o0-1 83.6

0.8003 O. 7993 75.3
0.9004 O. 9000 73.7

O. 1995 0. 1973 126.6

0.3395 O. 33(}8 121.2

0. 3992 0. 3964 119.2

0.5043 0.5016 114.9

0.8003 O. 7991 i07.1

0.90{1,1 {}. 89q9 104.6

0.19!}5 0. 1977 150. i

O. 3395 --'7_0. ,_._,. 14 3.5

O. 39{.}2 {}. 39f_8 141.1
0.50,1S 0.5020 137.6

{}. 80{13 O. 7992 128.3
0.9004 0.8999 125.6

P {ps i:t)

104.0

102.0

103.0

104.0

103.0

103.0

201.0

201.0

204.0

202.0
203.0

201. n

302.4

298.4

299.4

302.4

301.4
299.4

z 1 = overall mole fraction added to ebulliomcter

x 1 = l iqukd-l}hase, mole fraction after vapor space correction

*Re ference 15.
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TABLL:IV-23

\'AI'OP,-I,IQUID EQUIItlBRIUIq FOR 1)IClll ORO,q]_I,ANF,(,I) - 'I'IH(_,[[I,OI_OS1IANE (2)*

°t__, P(psia) Xl Yl YIj..._

102.6 102.68 0.0 0.0 1.1572 l.O00

94.3 105.51 0.1990 0.3276 1.1163 1.0043
88.(_ 104.81 0.3395 0.4981 1.0885 1.0141

85.6 102.48 0.3990 0.5601 1.0772 1.0206

83.6 105.28 0.5040 0.6541 1.0575 1.0365

75.3 102.20 0.8003 0.8707 1.0126 1.1318

73.7 102.85 0.9000 0.9347 1.0035 1.1925

71.6 101.78 1.0 1.0 1.0 1.2796

137.0 201.84 0.0 0.0 1.1599 1.0

126.6 201.03 0.1990 0.3007 1.1138 1.0044

121.2 203.14 0.3395 0.4670 1.0849 1.0142

119.2 204.15 0.3990 0.5286 1.0734 1.0206

I14.9 201.65 0.5040 0.6280 1.0543 1.0361

107.1 203.21 0.8003 0.8585 1.0115 1.1251

104.6 201.98 0.9000 0.9287 1.0032 1. 1803

1(]2.7 202.16 1.0 1.0 1.0 1.2574

159.8 297.71 0.0 0.0 1. 1773 1.0

15(].1 301.33 0. 1990 0.2798 1. I179 1.0049

143.5 299.50 0.3395 0.4431 1.0853 1.0151

141.1 299.44 0.3990 0.5051 1.0730 1.0216

137.0 301.35 0.5040 0.6053 1.0532 1.0372

128.3 299.27 0.8003 0.8483 1.0109 1.1234

125.6 297.59 0.9000 0.9234 1.003(1 1.1755

123.6 298.04 1.0 1.0 1.0 1.2472

x = liquid,phase mole fraction

y = wHmr-phase mole fraction

y = liquid-phase activity coefficient

*P,efcrence 15.
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v J:.q!U),2J9 11 - TI/ICIII,OP, OSI I,ANl! {.".)

0

.Y Pt j;9.

I(}2'.(, 102.o8

9 1.3 105.51

88. o 101.81

85.o 1(}2.,18

,',;3. (, 105,28

75.3 102.20
73. ? tO2.85

71.o 101.78

137.0 .201.8.1

120.o 201.03

121.2 203.15

l 19.2 20.1.15

11 1.9 201.(,S

107. I 203.21

10L.{, 201.98

102. T' 2t12.10

159.8 297.'1
150.1 301.33

1 I3.5 299.50

l.I1.1 299..I.1

137. t, 301.3F,

128.5 299.27

125 .(, _'9-. 59

123,{> 298,01

K1 K2

t}. 0
O. 1990

0.3395

{}. 3990

0.50,10

0.80O3

0.9000

1.0

0.0

0. [99{}

{}. 3395

0. 3990

O, 5O4O

0.8003
{3. 900{}

1.0

0. C}

0. 1990

O. 3395

0. 399{}

O. 5{)I0
0.8{}03

(}.9000
I .0

1. 9852

1.04{}3

1..1671

1.4O37

I. 2990

1. {1881
1.038{}

1.0

1.7364

1.5110

I.3750

1.3248

1.2461

1.0318

I.0

1.5811

1. 4059

I. 3052

1. 2658

l, 2010

1.0{}00

1.02ol

I .0

l,O

{}. 839,1

{}. 7599

0.7320

0. (_9 B2

0.6-108
O. {_525

O. {)71I

1.0

{}. 8731

0.8OO9

0. 7844
0,7499

O. 7085

O. 7131

O. "325

1.0

0,8992

• 0.8131

O. 8235
O. "958

0. "598

O. 7055

O. 7853

x --: liquid

*lle I'el'ence 15.

ph;i.,;t, nl0l 0 t:l',lct i01l

wIL,._o
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PURI_ CONPONI!NT VAPOR PRI!SSURI_*

T(°C__._)

71.8
71.4

102.6
102.7
123.6
123.6

l)ich loros i 1ane

J_(ps:ia)

102.0
102.0
202.0
202.0
299.4
299.4

102.4
102.7
137.0
130.9
159.7
159.9

Trichlorosilane

p(psia)

101.0
102.0
201.0
201.0
299. ,1
299.4

*Reference 15.
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h

2(10, and 300 psia. 'these data were added to existing data and new constants

were determined in the extended Antoine vapor-pressure-equation (Appendix I_,

Table g-II).

4.,I.3.3 Gas Solubility in I)CS, TCS and STC

As in the VLE method, no sampling or analysi.s of the liqu]d and vapor

phases is required. The data are obtained by admitting a known amount of

liquid into a calibrated, volume-sample vessel; by adding a weighed amount

of gas; and then by shaking the vessel in a thermostated bath until a const:mt

pressure is reached. Gas solubility, as llenryts constant, is found by solving

a set of seven-iterative simultaneous equations with the aid of a computer

program. More detailed procedures can be found in References I5 and 16.

llenry's constants are listed in Table IV-21 and the experimental

data are given in Tables IV-26, IV-27, and IV-28.

4.4.4 Settler Impurity Rejection Performance

Impurity compounds having high boiling points [i.e., those whose

atmospheric boiling points are greater than SiC14 (5o.5°C)] are rejected in

a scrubber/settler located inunediately downstream of the hydrogenation reactor.

The fluid-bed, hydrogenation reactor produces a stream consisting of non-

condensable gases, Ho,_ CI14; condensables such as HSiCI,a and SiCI 4", solid dusts

of silicon and copper; and vaporized or particulate chlorides of a broad

spectrum of compounds such as AICI 3, FeCI3, BCI3, PC1 S, etc. The character

of this stream is such that the volatile salts will precipitate on cool sur-

faces to form solid agglomerates. Complexing can occur betu'een the various

chloride salts to form double salts such as A1C1.-FeC1.. All of the imlmrity

compounds boiling above SiC14 must be removed from the chlorosilane stream

to prevent a buildup and fouling in the subsequent distillation columns.

Removal of the solids by direct filtration was rejected because of

fouling that can be caused by the condensed salts and because of the abrasive

nature of the silicon, Centrifugal gas/sol_d separation was rejected be-

cause of the abrasive nature of the solids, the small size of the particle.q,
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TABLE [V-26

I!XPERIMENTAL DATA

N,,_ C1t4, CO,,_ AND tiC1 TN DI-CIILOIIOSII,ANI!*

Liquid Hole

T(°C) P(atm) V(cc) NG(g) NL(g)

_#,#n ....... 1_25_ ..... _37._o 3.493 _28.3_4
30_nn ....... t_,321 ...... 3_7_?_ .... 3._99 ......... _go_9_
_'d_ fi6 ...... _2_76"8 ......... 3_1 _75"0--" 3.331 253.014

_n.nn _2,064 _37.750 3,493 _2S.3_4

A_n_ 2_._17 _37_7_0 3,_qq _50_W79

3n.no I_.168 33_.7q0 3.77q 245,_Z2

Fraction

X2

'
0,0148_2"

0,02173_ N2

0.02079_

i .,.,2.;
0.060637

&O.no ..... ?_;lb_- _"337i7_6 ......... 3.77g .... 245._> ..... 6,o6_$_@9-
g'F.'hh ....... --?>,_n_ 337_7-_6 ...... 3_573 _18,017 0 060760

.30.nn 7,_al 337.750 9.i84 265.077 0,06583_
30,00 7.417 "337.750 8,424 223.47g 0.068_32

60.0o 11.942 337,750 9,184 _65,077 0.066950

30.00 _.9_I 337.750 9.526 _57,4_8 L0.08633_
_n_¥_ .......s .--4%7......_6o.o 15 _ 7_ _5 " 2-g_;_ fY- |o; #8%-_%%
_0.00 I].568 337.750 9.526 257,428 }0,086_7a

.A.n,OQ • l.!._69 9Ao_0t5 .... __q_49_ 2%4_Q[l _. 0.09S034

CH 4

CO 2

HC1

* i_eference 16.

i
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N2,.CH4,

'FABLE IV-27

EXPERIMENTAI, DATA

CO2 AND HC1 IN TRICIILOROSILANIZ

T (°C) P(atm) V(cc) MG (g)
ii i| - i i iml i

"_n.no ' _.11i ._37.7_o 4.'ioi
"_o. no 21.792----_'/_7-96- 4.284
_O.O0 24,1Q4 337,750 4,101

__,0. O0 P4.874=, _3.7. 750, 4.28_

Liquid Hole

_._2._7._ [ 0.62_o_;,; _

2_.s75 ! o.o264g_
2t3.4_5 L. ooov_7_

n.:.0.9......... 2..!..9 6..0........ 32Z: .7..59...... _4_-%@.3........ _.._3-_".!9...... 9 :..0_ !...kS_!
_O.O0 71 .7g2 337.7_0 4.535 255.905 0.070914

t.n, o-n........_: i._-6"..... __ :7_0....... _)_3...- ......_s¢:4_4 ...... o:__3_0-_
_n,nn P_ -@q'_ . 337,75Q ..... 4,53_ ...... _55,_65 o_,_ns_I p4 :
_n. Oo 10.547 337,750 15,279 276,295 0.128983

_O.00 7,14.5 _37.7R0 8,780 _73,358 0.07699_

N 2

Fraction

CH 4

CO9
_o.00 15.446 337,750 15._79 _76,2_5 J 0.12663_
_n_ah ........ i_:47_ ...... _Y_:_56 ......... _-,_g6 ........ _?_C_g81--626_7--_-_

_0.00 7.31R 360.015 9,357 Z71.300 i 0.09a313

60.00 I0.649 337.750 8,779 268,113 1 0.093754
_0.oo . 10,7A5 390,Q_5 , .9.357. _71,300 _ 0,QqS#8_ '

HCI

* Reference 16.
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TABI/r! [V- 2_,

I_XP_.RIMnNTM,DATA

E_, c_,_, co. ANDIICl _NSlI,ICOhTETRACIII,OI;U DI!

I,iquid Mole I:r_lction

T (°C) P(atm) V (cc) _iG (g) _0 (g)
". -. H , i1 i ,us :

_fl.nn _o.073 _60.015 .... _,.32q. -- '31B.343
_n.n-.o p._.o.:,;Z; " _37.7_0 .........4.178 .... 316_63_.

>_._ n--_-_-__-.-v_-_-Y-i %o. h_._....- -_-,-y____,.- --_]-_],-_,a....
3fl.no 21 ,7q2 337.7B0 4,543 311,784

30,00 ?.N,073 36N,015 .4,543 307,035

_z

0,021fl36 N 2
o.o24_5q

.... _V0_"

8o0q064_

An.00. _._.612 .... 28-0.o, 15...... _:,52,2 ..... 307_,h3"_ " 0.0_'350"7= ,
_-0. no 7.1,7% Y ..... 3L'_:_'. 750 8, _-_1 307 ,,4-_-: - i -=0 [0 B_S 3_
'_ii.-nii ........ K:o-o'r ...... _,'o.h-_.5 _"7_-- .... -'TI-[.-3_'_--! ......o.-6_09"-6_3-"
_0.00. in.00_ 337.750 8.951 307._84
6n.nn _.Sao ._0,n15 . B,784 311,3@5

_n,nn 7.247 _60.n!5"-'_o44_ '305oI_
_o.nq q.322 ._7.7_0 .... 7.630 307.159

I ,08_071

......o=bs_3_
0,09B670
0.0_000

, "'O'._ 3_Y

CH_

CO 2

HCl

* [_eference 16,

2(1C_



and t'ho design difficulties associated with maintai.ning the ,';ltrf,'lce hot

onml,,h to prevent condensation of tile :_alts

A preferable desi$ln would use direct, contact heat: exchange of the

g:l._e._ with condensed chloros:ilano product in a ._crttbber that would cool the

g;Jses, Collden._;o and soi:idify the salt complexes, and scrtlb out the solid

p;irticles :ill in one step. The amount of scrubbing liquid would be controlled

so that the noncondensable gases and the chlorosil;mes would leave as a

S;ltttrated vapor and thus achieve a single-plate distillation separation for

the other impurities having higher boiling points.

Ideally, the scrubber would be of the gas venturi type so as to

make use of the available pressure drop, achieve high-eff.iciency scrubbing

and, since most designs are of the wetted-wall variety, avoid solids buildup

[n the unit. Coalescence and separation would be achieved by a flooded tee

and centrifugal separator of standard design.

To determine the feasibility of this approach, a crude settler/

scrubber was installed as part of the PDU. Itot gas from the hydrogenation

reactor tangentially entered a cylindrical vessel with a cone bottom. A

level of condensed HSiC13/SiC14 was maintained above the vapor inlet. The

cooled, .saturated gases left the top of the unit, while solids collected in

the liquid phase and settled in the cone bottom for periodic removal.

The efficiency with which the scrubber/settler removed each im-

pm'ity was also determined (Table IV-29) by calculating (1) the mass of each

element that left the reactor, (2) the mass collected in the solid and liquid

phases of the settler and (3) the quantity reported in the product. These data

show tlmt the simple scrubber/settler depicted in Figure 4-22 works quite

well to remove gross amounts of impurities from the chlorosilane stream.

Although its efficiency in removing most of the impurities was measured

to bc quite high, an experimental anomaly was noted for aluminum. This

no,lative efficiency (mass balance indicated a pickup of aluminum) is not

t'casonable. An analytical error i.s suspected as, historically in commercial

practice, the remow|l of A1 by this method in quite good and limited to en-

trainment in the vapor product stream of solid A1C13.
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TM31,E IV- 29

SCI_IJI]BI!I(/SI,TrTI,IiI_ IiI:F1CII.!N¢:I I!S

Grams Released

in Reactor

Concentration

In Product,
PPM

Grams In Settler

Product Efficienez

0.04 99.1

0.20 93.9

0.93 -69.1

0.01 98.7

0.04 91.5

-3
3x10 < 70.0

Fe 4.70

Cu 3.29

AI 0.ss

0.28

1 .S0

7.0

Ca 0.78 0.0093

_tn 0.47

Pb 0.01

0.33

< 0.02

Efficiency =
.Fmass of componen_ in oroduct s:rea_

1 Lmass of component !eaving'reac'tor
x i00
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{',{}.Mbll!Rt:l..\l, PI,A,",ITI}IiSI{;NS

'1'_O ¢Olllln[,rcial i}l:liit de:;iglls violdilIp, .qOllliC{}lldllCl{_l'-_l':ldo, IIl{}ltell

_;ilicon have b¢{'n aBselllbl{,d, The)' ape identified by theiP ._ilicon pPoduc-

lioll CalXlCit)'; the first is a l{}{}{} brl'/Yr (Meti'ic Ton per Yt'aP) pl:lnt, tho

second is a 12{} ,_l'l'/Yr plani. The 120 M'I'/Yt' colllnR, l'Ci:ll i}lanl • is based on

the loll M'I'/YP I!xperimental Proce._._ ,System l_cvclopmt'nt Unit {,I!PSllLI] with

SOIIP.",.'quil'utU.'ntchanges. Th,.'dil'l'crcnce of 20 ,',,rl'/YPin silicon pPc,duction

is ImBed solely on the highei' o|]- st rea|, factor, {}.85 vcl'sus {1.7{} used |'of

the IiPSI}II design. The l{}{}{l I_rl'/'fP conltnel'cial plant uses the same process .qs

the 12{} HT/YP comm.erci:_I plant, but tllc equil}ment used in this design has

bOell roB[zed. The 12{} Brl'/YP facility is presented to pPovide insight into

the rel:_tionship betweell production Cal}acity and economic pert:'ornmnce. The

larger, more econcnnically attractive, 1000 M'I'/YP plant is also discussed.

i

The process flow diagram, Figure 5-1, represents the process for both

120 and 1000 bfI'/Yr conunercial plants. _le design of the two conunercial

plants was based on the issue 1 stream catalog (heat/mass balance, Table

C-II), and the 'heat • duties found on the process flow diagram [Figure 5-1).

The issue 1 stream catalog defines the components and flow quantities for

the-process streams on the process flow diagram. A list of physical proper-

ties for all the process streams can be found inTable C-III. An issue 1

stream summary, Table C-l, suppli.es temperatures, pressures and decriptions

for all streams on the process flow diagram .......

An improved heat and mass balance was generated as a result of new

kinetic data collected on the hydrogenation reactor. On the basis of this

new data, design changes were made to both the Tcs redistribution reactor

and the DCS redistribution reactor; these changes are within equipment

design specifications. A list of improved heat duties can be found in

Table E-I, along with equipment names and equipment numbers corresponding

to those on the process flo_, diagram, Figure 5-1. The issue 2 stream catalog

(Table E-III) defines the components and improved flow quantities for the

process streams. A list of physical properties for the improved process

streams can be found in Table I!-V. An issue 2 stream summary (fable F,-II)

2.1{}
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supplies adjusted temperatures, pressures and descriptions for all streams

based on the issue 2 stream catalog. A trace component analysis (Table E-IV)

is provided to present contaminant levels in principal process streams.

5.i i000 MT/YR COMMERCIAL PLANT

5.I.i Introduction

The i000 MT/Yr commercial plant design converts 98%-pure, metallur-

gical-grade silicon to ultra-high-purity, semiconductor-grade, molten silicon

metal. Powdered, metallurgical-grade, silicon metal feed is converted to

trichlorosilane by hydrogenation with silicon tetrachloride in a hot, high-

pressure, fluid-bed reactor. Through successive purifications by distilla-

tion and chlorosilane redistribution, the trichlorosi_ane is converted to

ultra-high-purity silane containing an electronically active metal contaminant

concentration below 0.01PPB. The pure silane is pyrolyzed to form finely

divided silicon metal powder, which is electrically melted in enclosed quartz

crucibles to yield the molten silicon product. The molten product will be

extracted from its containing crucibles and subsequently processedby tech-

nology presently being developed by other JPL contractors. The definition

and cost of processing the molten silicon is not included in this design

study.

The ultimate goal of the DOE/JPL solar program is to produce, by -

1986, semiconductor-grade silicon costing no more than $10/kg_in 1975 dollars.

A facility meeting these goals is described.

5.1.2 Process Design

5.1.2.1 Process Description

The process design converts 98%-pure, commercial, metallurgical-

grade silicon into ultra-high-purity silicon metal suitable for solar-cell

applications. The feed metallurgical silicon is converted to gaseous

trichlorosilane [TCS) in a hot, copper-catalyzed, fluid-bed reactor. Non-
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volatile, metal-chloride contaminants are sepsrntod from the reactor product

stream by removal of a small, liquid fraction at. its dewpoint, and hydrogen

is subsequently separated as a noncondensable gas from the condensed crude

TCS liquid. The crude TCS liquid is stripped free of dissolved volatile

i.mpurities in a stripping column. The mater:ial i.s then processed tlrrough

a series of three conventions] dist:i.llatJon columns and t_qo redistr:i-

bution reactors. This equipment progressively replaces chlorine in the

chlorosilane molecules with hydrogen, pushing the heavily chlorinated com-

pounds back to the front of the process and hydrogen-rich molecules forward.

Ultimately, silane is produced and subjected to a final distillation in

the fourth column that yields an ultra-high-purity, liquid-silane product,

The pure silane is pyrolyzed to form hydrogen gas and high-purity,

silicon metal 9owder. The powder is consolidated by melting and removed

from_the process.

Reference to the plant process flow diagram, Figure 5-1, is suggested

as necessary for following the ensuing detailed process description.

5.-I..2.1.1 Hydrogenation

Ninety-eight-percent-pure, _powdered, metallurgical-grade silicon,

having an average particle size of 200 microns, is received-by tank truck or

rail car and is-transferred pneumatically (100) to the metallurgical--grade

sill.con storage bin, 411-(12 (see Figure 5-1). The conveying ai.r is passed

through the metallurgical-grade silicon unloading filter, 417-02, before

being exhausted to the atmosphere. Silicon powder from the storage bin is

batch fed _by a manual slide valve to the hydrogenation catalyst twin shel.1-

blender,. 428-02, into which a small mnount of copper catalyst (101) is also

being added. The catalyst/silicon powder blend is transferred through

double, block-.and-bleed valving into the.metallurgical-grade silicon i0ck

hopl_eri 421-02. llydrogen gas (105) i-s used to pressurize the lock hopper

to 550 psia after it has heen purged free of air with utility nitrogt, n

(14(10). l.ock hopper outl.et wllving i.a then opened and liigh.-pressure hydrogen
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gas (i04) is used to pneumatically transport the silicon powder into the

fluid-bed, hydrogenation reactor, 425-02, operating at 500aC and 515 ps:ia.

A recycle stream of hydrogen (122) and silicon tctrachloride (STC) (123),

heated to 520°C, is controlled such that the mixed fluidizing stream (107)

entering the reactor contains equal molar proportions of hydrogen and STC.

In the hot (500°C), fluid-bed environment of the reactor, the STC

is hydrogenated according to the overall reaction,

Cu

3SiCl 4 + 2H 2 + Si + 4,_ICIs, (5-I)

which is reversible and which, in th_ presence of copper catalyst and

selected bed dimensions, proceeds nearly to equilibrium to yield a hot,

overhead, vapor stream (108) that contains about 15% TCS, 44% unreacted

hydrogen and 41% STC. This hot vapor also contains some unreaeted silicon

dust, copper powder, and all the trace metal contaminants released from the

metallurgical silicon in the reactor as metal chlorides. This stream is

quenched to its dewpoint, about 180°C, by a large STC/TCS liquid recycle

stream (iii) in an efficient venturi quench and solids removal contactor

429-02. The two-phase product (II0) is delivered to the waste settler

tank, 421-04. Liquid STC/TCS from the settler tank is pumped by the quench

contactor pump, 426-02, to tile venturi quench contactor. Many of the metal

contaminants form insoluble complexes with one another in this unit (e.g.,

aluminum chloride forms a complex with iron chloride) and settle to the

bottom of the quiescent settler tank as sludge. Some metal salts remain

dissolved in the liquid and a small fraction leave in the vapor phase from

the top Of the settler. More than 90% of the undesirable metal contaminants

remain in the settler either in solution or as insoluble sludge. A small

stream (112) of STC/TCS liquid from the settler containing unreacted silicon

powder dust, copper catalyst dust, complexed metal salt sludge and dissolved

metal salts is rejected through the waste chlorides tank, 421-06, to waste

disposal.

The dust-free STC/TCS hydrogen stream, with reduced metal chloride

contaminants, flows from the settler through a water-cooled heat exchauger,

which condenses the STC/TCS•from the noncondensable unreacted hydrogen, to

218



l he quench condenser receiver, 421..[)8. The hydrogen gas (118) i:; separated
from the S'I'C/TCScomlensate, increased in pressure hy the recycle hydrogen
compres.sor, .12._-02,to 522 psi:t, and heated to 5.'.I1°Cin the recycle hydrogen

Stllmrheater, .129-08, before being recycled to the .fluid bed S'I'Chydropenatton
reactor (122). A small quantity of liquid STC/TCS(115) is circulated from

the t|ttellch condenser receiver to the quench condenser l_ythe quench condenser

wash pump, ,12o-04. This liquid is sprayed on the tube walls of the quench

condenserto wash away any metal chloride contaminants that mayhave carried

over from the settlef- tank and _,eredeposited. Liquid STC/TCSis also sup-
plied by gravity fl'om the quench condenser receiver to the settler tallk (ll{_)

as required to maintain a constant liquid level. The latent heat in this

stream provides the cooling n_eded to reduce tile temperature of the reactor
product from the reactor outlet temperature of 500°Cto the settler operating

temperature of approximately 180°C, Crude STC/TCSproduct (119) at ambient

te,aperature is delivered to the large, crude TCSstorage tank, 421-10, oper-

ating at 100 psia. This nitrogen-pressurized tank provides decoupling between

the STChydrogenation and the distillation/redistributi0n/purification train.

Shutdownof either plant section will not necessitate immediate outage of
the other because of this feature.

1

5.1.2.1.2 Distillation/Redistrilmtion

Crude STC/TCS liquid flows (125) from the crude TCS .storage tank

411-10, to the stripping column, 432-02,. which operates at 90 psia and is

99--,, of the possible hydrogen sulfide di.ssolved indesigned to remove the co

tile feed. The stripping column is designed to accomplish two objectives:

(1) to remove all volatile contaminant gases lighter than silane to at

least 0.01 PPB and (2) to remove 99°,, of the heaviest of the volatile con-

tamilmuts. These contaminants are heavier than silane, It is not necessary

to dri.ve tile stripper when removing the volatiie contaminants heavier than

silane since they will be rejected in the bottoms of the silane column,

.132-08, and purged (22(_). The reboiler on the stripper, operating at 121¢_t1.

is driven by hot oil from a closed-loot_,hot-oi.1 heating system; heat is

extrqcted from the overhead condenser 1D' a refrigeration system. Overhead

distillate wumr containing the rejected light gases is directed to _¢aste

.?19
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incineration. Since the feed to the column contains sign:ificant amounts of

DCS, column operating conditions have been selected to m:in:imize overhead

lo:;ses of this valuable material.

Crude STC/TCS liquid, free of dissolved volatile contaminants, flows

(20t_) from the stripper reboiler, 434-04, to tray 5 in the TCS column, 432-04.

The 30-tray TCS column receives a second feed stream (212) containing a mix-

ture of chiorosilanes including STC that has been recycled back from the

reboiler, 434-10, of the DCS column. Operating at 55 psia, the TCS column

is designed to recover 97% of the total STC in its two feeds in the bottom

liquid product, and 97% of the total TCS feed in its overhead distillate

product. The STC bottom liquid product (238) is cooled by the STC cooler,

454-24, against cooling water and delivered to a large-atmospheric-pressure, ....

liquid -STC storage tank, 421-12. Liquid STC from this tank (127) is pumped,

426-06, through the recycle STC vaporizer, 424-04; heated to 520°C in the

recycle STC superheater, 429-06; and recycled back to the fluid-bed reactor

(123). To make up for the small amounts of chlorine that are rejected from

the settler tank (112) and the stripper column overheads (2501), technical-

grade STC is periodically added (102) to the inventory in the STC storage

tank.

I

O )

Most of the trace-metal contaminants (PCI_, AsCl., FeCI., NiCI_,
3 .5 ._ ..

CuCI ,, CaCI_, etc) that enter with the crude STC/'I'CS liquid fed to this

co ltmm (20(_) have ,l higher boiling point than STC and _vill, therefore, be

rejected with the bottoms product (238) back to the hydrogenation reactor

through the STC vaporizer and superheater, and end up as sludge in the

settler tank. Some of the contaminants will be rejected directly to the

settler tank as vaporizer blowdown (132) and _,,ill also end up as sludge ill

the settler tank. If present, contaminants lighter than S'I'C (B_II(,_ Pll 3,

.\sll.._, BC13, etc.) will leave the TCS column with the distillate product.

The TCS colulm_ overhead vapor (209), a mixture of MCS, DCS, and

•rt_,q, is totally condensed against cooling water in the TCS coltlmn con-

denser, 434-08. This liquid is pumped and divided between coltmm reflux

(213} and distillate product (214). The distillate product flows to tray

39 of the subsequent 62-tray DCS coltunn, ,132-06. The DCS coltmm, operating
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at 320 psia, receives at tray 53 _ second feed (225) recycled from tile

reboiler, 434-20, of tile silane column. Both feeds contain mixtures of

chlorosilanes, fiohunn operating conditions have been selected to de- .

liver 97% of the total TCS contained in both feeds to the bottom :lilt[ 97%

of the DCS feed to the top of tile column as distillate product. The

bottom product leaves (236) the hot-oil driven DCS cohmm reboiler, 434-10,

and is cooled to 70°C, It is fed (215) liquid-phase through an Alnberl)'st _

A-21, amine base, ion-exchange resin, catalytic-redistribution reactor,

435-02, before being recycled (212) back to tile TCS column. Tile reactor

catalyzes tile following reactions:

A-21
2HSiCl 3 ÷+ H2SiCl 2 + SiCI 4 (5-2)

A_21H3SiCI + HSiCI.2H2SIC12 o (s-3) ....

2H.SiCIo Ai21SiH4 + I{2SiCI2 (5-4)

[These are reactions (4-2), (4-3), and (4-,i), respectively,

of Section 4-1J

The reactor is sized to convert its feed, wliic]i is predominantly TCS, to 95%

of its equilibrium value: '_ The equilibrium of these reactions is such that

onl)" small quantities of silane and _ICS are formed while substantial quan-

tities of DeS-and STC are produced.

Overhead vapor (219) from the DCS column is totally condensed

against cooling water in the 0CS cohmm condenser, 434-14, before being

pumped and-divided between reflux (220) and distillate product (222). This

distillate product is cooled to 50°C. against cooling water by the Dt:S

cooler, 434-16,-before being passed liquid-phase through a second redis-

tribution reactor, 435-04, similar to the unit previously described. The

feed to this reactor, primarily DC,S, is redistributed to form a spectrlun

of chlorosilanes and.silane that is consistent _'ith the equilibrium reac-

tions listed above. Silane, the ultimate product of this distillation/

redistribution train, increases from 0.85 to 15.4o mole percent in pass.ing



through the reactor. This redistribution reactor also acts as a trap for

residual boron impurities (BCI3, B2H6) , which, based on experimental evidence,

combine irreversibly with tile alnine-resin catalyst. The relative level of

feed impuriti.es :is so low that catalyst life .is not materially influenced.

The reactor product (224) is fed directly to tray 11 of the 58-

tray silane column, 432-08, operating at 360 psia. Operating conditions

have been selected to permit rejection as bottoms product all material

except silane. The reboiler, 434-20, is driven by hot oil and heat is

removed by the silane column condenser, 434-18, at -31°C by means of a

refrigerant unit. Volatile contaminants heavier than silane are not com-

pletely removed in the stripping column. These contaminants must be rejected

with the bottoms product. The most volatile of the potential contaminants

(i._ , the contaminant having the lowest boiling point) is diborane, B2H6.

It can be formed by chemical reaction between BC13 and silane. Its normal

boiling point is -93°C, while silane boils at -112°C and MCS at -31°C.

Operating conditions for the column have been chosen to separate silane from

diborane and all other higher-boiling contaminants. The column has a calcu-

lated ability to produce a silane distillate product containing <0.01 PPB

diborane when the column feed contains S PPB. Ninety-seven percent of the

silane contained in the column feed is removed as an ultra-high-purity

overhead liquid product (231). This liquid silane is directed to one of

three shift tanks. When the selected shift tank is filled, it is isolated

and checked for purity and another tank is placed into service. Refrigera-

tion is supplied to these tanks, as required, to compensate for ambient-

heat leak and to prevent pressure buildup and loss of contents. I_%en quality

checks verify adequate purity, the liquid in the tank is vaporized at a

controlled rate in an atmospheric vaporizer to maintain a constant tank

pressure while the vapor is removed from the top of the tank (233). The

vapor is passed through the silane superheater, 434-22, which is a bath of

hot oil, and sent (235) to silane pyrolysis equipment for the production

of the final, high-purity, silicon metal product. At any one time, one

shift tank is receiving product liquid silane from the silane column,

quality control analyses are being made on a second unit, and the third

tank is supplying silane to pyrolysis equipment. A fourth tank is available

in the event the silane does not pass the quality _'ontrol analyses; it can



be used to accept product liquid silane while the silane that did not pass

the quality check is being drained.

All materials entering the silane column, other than silane, are

removed as bottoms liquid product (239) consisting primarily of DCS and TCS

with small amounts of MCS and STC. This liquid stream is returned to the

DCS column.

_e possibility that certain contaminants of intermediate vola-

tility could become trapped in sections of the distillation system has been

recognized. For example, BCI3, whose ABP falls between those of DCS and

TCS, will report with the overhead distillate product (214) in the TCS

column, enter the DCS column, and be rejected to its bottoms product (236).

The bottoms product, however, recycles back to the TCS column. Therefore,

conceivably, the concentration of BCI S could build in the system to the

level necessary either to force it out the top of the DCS column or the

bottom of the TCS column (assuming the material is not irreversibly trapped

by the TCS redistribution reactor, 435-02). To prevent impurity buildup,

provision has been made to recycle a small bleed stream (237) from the

bottom of the DCS column back to the STC tank. Similarly, contaminants whose

boiling point fall between those of DCS and silane (e.g., BpH 6. PH3) could

build in the liquid streams (222, 225) traveling between the DCS column and

the silane column. To avoid this possibility, provisions have been made

to bleed a small quantity of liquid from this system back to the STC tank.

There is also the possibility that contaminants heavier than STC are

present in the STC storage tank. These contaminants would build up in the

STC recycle vaporizer, 424-04, if it Were not for a bleed stream (132)

removing the contaminants to the settler tank. In all cases, the bleed

streams are designed to provide an exit path from the system, either through

the settler tank, if the contaminants are heavy-boiling materials, or by

way of the stripper overhead product, if the contaminants are light-boiling

materials.

Boron is the most undesirable contaminant in the silicon metal

used for electronic and semiconductor applications because it is electrically
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active and impossible to remove by solid-silLcon, zone-refining techniques

because of its unfavorable liquid/solid distribution coefficient. Three

methods of boron removal have boon incorporated into the process design of

this plant:

(i) Small amounts of silane (240), which may. react with

any BCI 3 that is present and form B2H 6, are fed to the

bottom of the stripper. The B2H 6 will leave with the

stripper overhead product as opposed to BCI 5 which leaves

with the stripper crude STC/TCS bottoms product.

(2) Passage of product chlorosilanes through catalytic

redistribution reactors will result in the trapping

of residual boron by this catalyst.

!

Ca) Finally, the silane distillation column is designed

and operated to reject from the silane product any or

all diborane that may be contained in its feed.

Any of these processing steps are capable of removing boron from the system

to acceptable levels. There is conservatism and redundancy built into the

process to assure complete boron removal.

J

5.I.2.1.3 Silane Pyrolysis/Consolidation

Ultra-high-purity silane vapor flows (233) from the top of one

of the silane storage tanks, 451-04, into a hot-oil bath, 434-22, to super-

heat the silane to 52°C. The silane is passed through a micropore filter,

437-02, before being throttled to about 25 psia and injected by a water-

cooled nozzle (300) into quartz-lined, free-space, silane-pyrolysis reactors,

445-02. Each reactor is heated by a resistive heater element on the outside

of the reactor, and the wall temperature is maintained at 870°C. The gns

in the reactor is radiantly heated to about 760°C; it decomposes exother-

mically to form silicon and hydrogen gas according to the reaction:

SiH 4 ÷ Si + 2H__ (5-5)
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Tile product silicon flows (301) with the hydrogen gas into the

product powder-storage hopper, 441-02. The hydrogen ;as is separated from the

silicon powder; filtered through a S-micron, metal filter; cooled in the

pyrolysis-hydrogen cooler, 444-02; sent (312) to the pyrolysis-hydrogen

compressors,443-02, 443-04; and recycled (313) back to the hydrogenation

reactor, 425-02, with make-up hydrogen (314).

The plant will operate with fourteen pyrolysis reactors and each

reactor will have its own product powder-storage hopper, 441-02, and melting

furnace, 449-04. The silicon powder collected in each product powder-

storage hopper will be fed (303) to one of the melting furnaces. The

powder will be melted in a quartz crucible by resistive heater elements

supplying the consolidated liquid product silicon (307).

5.1.2,1.4 Waste Disposal

Waste streams are disposed in an environmentally acceptable manner

by thermal oxidation of chlorosilanes coupled with the use of baghouses to

collect solids. Acidic combustion products are scrubbed free of hydrogen

chloride, which is recovered as a medium-strength, muriatic acid. Equipment

is arranged and controlled to recover as much material as possible in the

form of marketable by-products and to produce a minimum of waste products.

Gaseous process wastes are divided into four collection headers:

noncombustible gas containing no silane or chlorosilanes (2399); combustible

gas containing no silane or chlorosilanes (2299); chlorosilane gases (2499);

and silane-hydrogen gases (2599). The first two streams (2300, 2200) are

passed separately through bag filters, 45?-02 and 457-04, respectively, and

vented (452,400). Similarly, a bag filter, 417-02, is located over the

metallurgical-silicon storage bin, 411-02, to collect silicon fines before

venting. The fines from these various filters can be reused by dumping them

into the metallurgical-silicon storage bin.

Chlorosilane-bearing gases (404) are combusted to yield hydrogen

chloride and silica in a pre-mix burner, 459-10. Silane- or hydrogen-
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bearing gases (2500) are combusted in a nozzle-mix burner, 45_-08. Liquid

wastes are collected (406) and combusted in an atomizing, pre-mix burner,

459-14. The various burners all discharge into a vacuum collection system

together with enough excess air to quench the flames. To convert all

chlorinated material to hydrogen chloride, hydrogen functionality is added,

where necessary, in the form of natural gas. To minimize atmospheric venting

of chlorosilanes as a result of process upsets, overpressure relief lines are

manifolded to a pressure-relief catch tank, 451-06, which phase-separates and

feeds material to the appropriate burner for disposal.

Combustion gases from the burners are cooled in the silica agglom-

erator, 459-16, to about 150-200°C. Silica particles formed in the combustion

process agglomerate when cooled in this fashion to form larger, more easily

controlled particles. The fumed silica, along with metal oxides formed in

the flames, are collected by bag filters, 457-06 and 457-08. Trace sub-

micronic solids remaining in the combustion gases (421) are removed by a high-

energy venturi, 459-02, driven by a medium-strength, muriatic solution. As

the combustion gases pass through the venturi, they are cooled to near dew-

point by humidification. The gases, cleaned of solids, are then scrubbed free

of hydrogen chloride with a two-stage venturi ejector, 459-04 and 459-06,

producing a nominal 20% muriatic acid solution. The scrubbed gases, cleaned ......

of hydrogen chloride to part per million levels, then pass through the

muriatic tailing column, 452-02, which has been packed with a sacrificial

metal surface. The gas that is exhausted to the atmosphere (443) by the

waste gas induction blower, 453-04, has solid-particulate and hydrogen-

chloride levels that are well below regulated limits.

The solids collected by the bag filters, primarily fumed silica,

arc discharged through a cyclone, 458-02, and an airlock to the silica dust

bin, 451-08. The silica dust (432) is packed into 55-gallon drums, as

required, using a vibrating table, 458-04, to densify the dust.

The high-energy venturi, 459-02, is purged (426) of collected

solids whenever the solids concentration increases to about 29. Approximately

100 gallons of liquid is purged into a neutralizing tank, 451-10, equipped
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with a sand filter where it is neutralized with lime, causing solid precipi-

tation. Leachable calcium chloride is filtered from the solids by gravity

percolation through the sand filter and is sewered.

The fumed silica by-product from the bag filters is marketable as

a low-performance filler for tires and other-rubber products. The medium-

strength, muriatic acid is marketable for such applications as pickling

metals.

5.1.2.2 Major Process Controls

Major and critical process controls within the i000 MT/Yr commercial

plant processing train are described, and the rationale for their selection

is given. Reference is made to the process flow diagram, Figure 5-I, during

the following discussion. ..........

!
'i

The height of the fluidized, metallurgical-silicon, powder bed in

the hydrogenation reactor, 425-02, is detected by a differential pressure

transmitter spanning the top surface of the bed into the reactor freeboard.

This signal is used to effect intermittent transfer of the fresh silicon

powder/copper catalyst mixture into the hydrogenation reactor from the feed

lock hopper .....

The flow rate of the pump-around STC/TCS liquid C129) from the

waste settler tank, 421-04, to the venturi quencher is determined by liquid-

volume requirements of the venturi for effective entrapment of particulate

matter in the liquid phase. A liquid-level controller on the waste settler

tank provides it with ambient-temperature TCS/STC liquid (116) from the

quench condenser receiver, 421-08. Crude STC/TCS (119) is transferred by

a liquid-level controller from the quench condenser receiver to the crude

STC/TCS storage tank, 421-10, for delivery to the distillation/redistribution

purification train (125).

Recycled hydrogen that has been phase-separated in the quench con-

denser receiver (118), is flow controlled through a positive displacement

compressor, 423-02 back to the hydrogenation reactor. STC (127), pumped
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from the STC storage tank, is flow-ratio controlled relative to the hydrogen

flow as it .is fed to the hydrogenation reactor.

The stripping column, 434-02, is designed to remove dissolved gases

from the crude STC/TCS fed to it. This column is designed to achieve two

objectives: (1) to remove all volatile contaminant gases lighter than silane

to at least 0.01PPB and (2) to remove 99% of the heaviest of the volatile

contaminants. These contaminants are heavier than silane. It is not

necessary to drive the stripper in removing the volatile contaminants heavier

than silane, since they will be rejected inthe bottoms of the silane column,

432-08, and purged (226}. The reboiler rate is maintained by a flow-ratio

control on the reboilerhot-oil supply, which is linked to the column

feed-flow rate. This control maintains a vapor/liquid ratio in the column

that is adequate to strip the volatile gases from the incoming liquid. The

bottoms liquid product is removed by a liquid-level controller on the

stripper reboiler, 434-04. The column operating pressure of 95 psia is

maintained by venting (2501) the noncondensables from the column condenser

receiver, 431-02. A refrigerated overhead condenser is used to minimize

losses of chlorosilanes.

The TCS column, 432-04, is designed to recover97% of the TCS and

sTc in the distillate and bottoms product, respectively. Sharpness of

separation is controlled by the column's reflux ratio, which is a direct

function of reboiler duty for a fixed feed rate. Figure 5-2, which was

assembled from data collected in early design study work, gives the com-

puted temperature profile in the column for reboiler duties of 95, I00 and

105% at the design distillate extraction rate. Increased reflux in the

column, resulting from increased reboiler duty, provides a sharper separa-

tion. A flow control on e _ hot-oil feed to the column reboiler is used

to control the reboiler duty.

Proper control of the TCS column requires that the distillate pro-

duct (214) be removed from the top of the column at a rate precisely matched

by the TCS separated from the feed by the column. The temperature distri-

bution in the column, which was assembled from data Collected in early

design_study-work, for distillate draw rates of 95, 100, and 105% of design
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are given in Figure 5-3. Excessive withdrawal of distillate from the

colmnn results :in a substantial increase in temperature throughout the

col_nn as STC content within the column increases all the way to the top

distillate product. The _T between reboiler and tray 6 has been selected

as a parameter whose value is a direct measure of correct distillate ex-

traction rate and is, therefore, used as a process variable in the distillate

feedback control loop. Figure 5-4 presents the process steady-state gain

for this loop aS determined from the data generated in Figure 5-3.

Column overhead vapor (209) is totally liquefied in the overhead

condenser, 434-8. The top portion of the heat exchanger surface is exposed

to the condensing vapors, while the remainder is submerged in the condensed

liquid, subcooling it. The liquid is extracted from the bottom of the con-

denser by the reflux pump, 436-02. It is fitted with a bypass valve that

has been modulated to control net liquid extraction from the condenser

bottom. This action adjusts the level of liquid in the condenser and,

therefore, the relative amount of surface area available for condensation.

Surface-area modulation affects AT requirements to absorb the condensation

duty and, therefore_ column pressure. Distillate extraction rate is con-

trolled indirectly by modulation of the column reflux supply valve. Adjust-

ment of this valve allows the desired fl0w of distillate product to pass as

feed to the high-pressure DCS column, 432-06.

The three selected control loops--modulating reboiler duty, dis-

tillate draw, and column pressure--will be somewhat interactive. In a

steady-state situation, a c01umn-pressure variation will affect the process

variable value for both temperature controls. The use of AT rather than

temperature for process variables helps to minimize this effect. It does

not eliminate it, however, because the BT/SP of chlorosilane mixtures is

composition-dependent. The controls will permit manipulation of a number-

of process variables to eliminate interaction of this type in a steady-state

situation.

Experience with other systems indicates that controls analogous

to those described here work well, are resistant to upsets, and are
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able to recover from so.vote proces,._ perturlmtions. Tile colttmn COlltaJns ¢1

large i.nvelltory Of liquid comp;Irod to .it._ throu_hptit rate, Therefore,

excursions of purity, fl.ou rate of the feeds, of flow:; of :its products are

sllbstant:ially damped by the mass of the J.Ilvontory. Also, tray-to-tray

pur:ity change rates are relatively iow llcar the ends of the column from

which the products are extracted. The situation permits a large, temporary

shift in column composit:ion and temperatm-e profile without al_preciable

effect on product composition.

Control concepts for the DCS column, 432-06, are identical to

those selected for the TCS column. Discharge pressure of the reflux pump,

436-04, is 550 psia. This pressure was determined by the requirement to

avoid the formation of two phases in the DCS redistrLbuti.on reactor, :135-04.

The pump discharge pressure is maintained-by modulation of its bypass valve.

The distillate extraction rate is maintained by a reboiler-to-tray-40, aT

controller, which adjusts the DCS redistribution reactor outlet valve to

deliver feed to the silane column, 432-08. The flow control on the hot-oil

feed modulates the coiumn reboi ler duty. The coltunn reflux valve returns

to the column all of tlie condensed overhead vapor not extracted as distillate

product (222). It is modulated to maintain column operating pressure. This

is accomplished by exposing the heat-exchange surface in the overhead Gon-

denser, as required, by draining the condensate.

In terms of major components, the silane coltunn, 452-08, splits

silane from MCS and heavier chlorosilanes. However, operating conditions

for the colunm have been Selected to ensure that s.ilane is separated from

diborane. Diborane is less volatile than silane, but much more volatile

than MCS. The c61umn has been designed to reduce diborane in the distillate --

to 0.01 PPB from a feed content of 5 PPB. The reflux required to accomplish

ttlis separation far exceeds that which would be required to reject MCS.

Therefore, the bits separation is accomplished by the first few trays above

the feed. From that point upward, the only major constituent in the column

is silane. A temperature profile in the column, which was assembled from

the data collected in early design stud), work, is given in Figure 5-5. Five-

trays above the feed the temperature profile flattens out at the wq)or
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temperature of silane and subsequent stages serve only to wash volatile

trace impurities from tile silane,

When the column is operated at a calculated reflux ratio, the trays

above the feed are capable of reducing an assumed diborane content in the

feed of 5 PPB down to 0.01 PPB; this is a 500:i separation factor. Diborane

content of the feed is expected to be much less than 5 PPB, possibly as low

as 0.04 PPB. Therefore, the 500:I separation capability will reduce the

boron content to a computed 0.00008 PPB. Impurity levels below 0.01 PPB are

not accurately measured, so temperatures within this separation zone in the

column cannot be used as an indication of separation effectiveness. Main-

tenance of the reflux ratio at the top of the column will make the unit

capable of a feed-to-product diborane content reduction of 500:1. Distillate-

extraction rate will be measured and the valve supplying reflux to the col[m_n

from its overhead total condenser will be modulated by a flow-ratio con-

troller to maintain the reflux ratio.

,4-"_4

Separation below the feed has been selected to strip silane from

the falling liquid so that 97% of the silane contained in the column feed

is extracted in the distillate product. The column is operated such that

the silane-distillate-extr._etion-rate exactly matches its ability to separate

silane from the feed. Extraction of distillate silane in excess of its

availability will result in the gradual movement of MCS up the column be-

gi:mingat the feed tray. A column temperature-increase wave starting at the

feed tray and moving up the column will simultaneously develop. If excessive

distillate extraction occurs for a long period of time, MCS will appear in

the distillate product. A AT controller measuring between tray 54 and

tray 14 (a _T sensor rather than a single-tray temperature sensor is used

to help minimize interaction with col_unn pressure perturbations) wi Ii

detect the onset of this MCS "climbing" effect. This control will not be

critical and will also be extremely resistant to upsets because transient

excursions of MCS high into the upper section of the column will not cause

the production of unacceptable silane product. Also, the temporary appear-

ante of substantial quantities of silane in the bottoms has no serious effect.

The column pressure is maintained by the reboiler-heat-input rate.

Enough vapor is generated at the column bottom to provide the vapor needed
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at the colunln top to supply tile necessary distillate and reflux rates.

Adequate heat-exch;mger surface is maintained ill the overhead condenser,

43.1-1S, by tile level of condensate, which blanks excess heat-exchanger

surface, as required, to match instantaneous duty and surface-area needs.

Silane distillate product is flow-,.'ontrolled into one of three

refrigerant-cooled shift tanks; a fourth tank is used for b;_ckup. Pressure

in these tanks is maintained at about 20 psi below the silane colttmn

operating pressure by a split-range control that supplies refrigeration

to cmmter a tendency of the pressure to rise as a result of inflowing

heat leak. When the tank is filled, it is isolated and various quality

control tests are per%:med on its contents. Its pressure is then increased

to about 20 psi above stlane column pressure to avoid any possibilty of in-

leakage of additional material from the silane column following quality-

control testing. Vapor from the top of these tanks is extracted, as re-

quired, uitha flow controller to the siiane pyrolysis reactor. Pressure

within the tank is maintained at 20 psi above the silane columil pressure by

the same split-range pressure controller. It operates the vapor valve on

an air-heating coil to generate pressure by extracting liquid from the

bottom of the tank, vaporizing it and injecting it back into the top of

the tank.

5.1.2.3 Itationale for Selection of Operating Conditions

5.1.2.3.1 llydrogenation

A reactor operating temperature of 93_ F was selected. This is

high enough to obtain acceptable first-order reaction rates (Section 4.1?

such that near-equilibritun, reactor-effluent composition is approached _,'ith

modest bed volume. This operating temperature is also line enough to avoid

the need for exotic materials of construction. At this temperature.

oper;lting data are ;ivail,lble to ensure validity of re_lction yields used.

The ratio of hydrogen to silicon tetrachloride in the reactor feed

and the reactor pressure have been selected as equtmolar and 500 psia,
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respectively. This feed ratio was selected to provide an optimum yield of

tri.ehlorosilane at economic prices. Significant deviation from equimolar

r'lt[o will result in one recycle stream or the other being greatly increased,

causing the total amount of utilities required to increase, q'he 500 psia

pressure was selected to maximize yield without reaching the poi1!t at which

equipment availability becomes restricted or component critical pressures

are approached.

Vapors coming from the hydrogenation reactor are quenched to their

de_oint by adiabatic humidification with recycle crude TCS/STC mixture in

an efficient contactor. Vapors and liquid from the quench are separated

efficiently to minimize solids carryover, particularly carryover of aluminum

chloride. Vapors pass to a downflow vertical condenser, _here they are par-

tially condensed to lO0°F. A condensate pump is used to respray a small

amount of liquid into the condenser top head, if necessary, to wash the

top of the tubes. The best available information indicates that an upflow

condenser .is not required to maintain sufficiently low aluminum chloride

buildup on tubes, if an efficient phase-separator is provided after quenching.

Use of arefrigerated-aftercondenser to remove more chlorosilanes

from the hydrogen has been examined and £omld uneconomical at this pressure

(500 psia). This is based on a comparison of the condenser total cost vs -.

the decrease in hydrogenation reactor size resulting from the recycling Of

less trichlorosilane.

5.1.2.3.2 Distillation Columns

Column pressures have been selected to economically allo_,' corn .....

ponent separation without imposing hydraulic difficulties on tray design.

For each coluam, maximum pressures were determined to limit surface tension

and vapor-liquid differential density to those values that _'ould give good

tray hydraulics. At pressures below the maximum limits, economics were

considered to yield the lowest overall cost (amortized capital cost plus

t,t]lities) for coiumns of reasonable height. Based on these considerations,

the best ranges of operation _'ere found to be 100 psia for the stripping
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column, 50 p._ia for the TC.S column, 300 psia for the I)CS column, and 4(10

psia for.the s.ilane column. To maintai,i proper pressure differentials for

flolq back and forth between column.s, presst_res were selected at. 95, 55, 320,

and 300 psia, respectivel)'. One of tile major considerations in this economic

evaluation was tile use of high-temperature coolant (cooling _ater) in the

condensers. Belol¢ ambient teml)erature cooling is required for only two of tile

plant's condensers. A small, packaged, -31°C refrigeration system is provided

to operate the stripping column and final silane polishing column condensers.

Use of this high level refrigeration in the stripping column minimizes chloro-

silane losses. The high wlpor pressure of silane requires operation of the

silane coltmln condenser at below ambient temperature.

Component recovories were set at 97% of the light key in the

overhead products and 97-°o of the heaxT key in the bottom products. This is

an estimated optimum recover>', based on experience, to drive the columns

enough to reduce recycle streams without excess utility consumption. Rejec-

tion of the light gases from the stripping column bottoms and the impurity

coP.pounds from the silane column overhead is based on required silane purity,

rather than recycle minimization.

5.1.2.3.3 Chlorosilane Redistribution Reactors

elP

The TCS redistribution reactor is positioned between the TCS

colttmn and tile I_CS column. The DCS redistribution reactor is positioned

between the DCS column and the silane column. Both are operated _,'ith

single-phase.flow to maintain proper fl0w profiles through the reactors-.

To do this, the DCS reactor receives liquid feed at or above 550 psia tO

avoid the bubble point rise after redistribution and the TCS reactor re-

ceives liquid feed at or above 85 psia for the same reason. Immediately

following these reactors, tile liquids enter the appropriate distillation

columns, where tile>" are throttled to column pressure.

Temperatures of 50°C and 7(I*'C were chosen as operating temper

atures for tile DCS and TCS redistribution reactors, respectively. These



temperatures were chosen to maintain high rate, while avoiding eithcr ex-

cessively high pressures (to control bubble point) or thermal breakdown
of the catalyst.

5.1.2,3.4 Pyrolysis

Pressure in the pyrolysis reactor is slightly above atmospheric

or 5-10 psig. The pressure should be high enough to avoid air in-leakage
and provide enoughpressure drop for the hydrogen by-product through dis-

charge piping. The pressure should also be low enough to minimize seal
requirements and stress on heated members. Temperatures were chosen to

produce the rapid breakdownof silane in the reactor, yet avoid semi-solids
formation in the unit.

5.1.2.4 Contaminant RemovalSummary

Impurities that must be removedfrom silicon via this process enter
in several places. The primary source of impurities is the metallurgical-

grade silicon raw material. Other impurities enter with the cement copper

catalyst that is used in hydrogenation, with the process make-uphydrogen,

and with the process make-upsilicon tetrachloride. Nitrogen impurities

are contained in the voids of the nitrogen-purged, metallurgical silicon and
are dissolved in the liquids that flow through nitrogen-padded storage tanks.

Uncertainty exists as to the contribution of impurities by metal surfaces in

the silane processing.equipment and by materials of construction used in the
pyrolysis/consolidation equipment. Sufficient technology existson surface

passivation to reduce the contribution of contamination by metal surfaces

to acceptable levels. The impurities levels in pyrolysis/consolidation is

somewhat unknown, l%_ile use of high-purity quartz and water-cooled metal

will minimize impurities, the ultimate impact is unknown. Best indications

from experimental work (Ref. 17) show a resistivity similar to semiconductor-

grade silicon. This still must be demonstrated on a day-to-day basis in a

plant environment.

Table V-1 shows typical impurity levels entering the process and

the relative proportions entering with each raw material. These impurities
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'rABI,E V--I

PROCESS IHPURITIES

} ! C!'loqt Or

(iO'!lDOtllld

A I um i 1|Hh'l

Ant imony

Ar::on

Arsenic

Boron

Ca I¢ium

Carbon (C)

Carl,on Dioxldc

Chromium

Copper

He Iium

Iron

Lead '

Magne sium

,k_anganese

,',let hane

Ne2SiC12

Nickel

Xi t ro,qen (N,,3

Oxygen (0,)

Phosphomls

St,lfur

Titanium

Vanadium

Zinc

Zi roan ium

NOTES :

,%.-ot1!I t !:at ,, l.i l/_.

}M_,r :_nlOllllt P)-odllct

t:ntry Pointj Percentage

of Total COmlmund -

Netal Grade

11_. mo l es/! b.lno I e Si I i con

3.25 x 10 -3 90.5%

2.(_3 x 10 -6 81.0

6.43 x 1() -'q* 0. *,

4.19 x I0 "6 81.0

1.01 x I0 "'I I00.0

4.68 x 10 -'1 100,0

1.3 x 10 -3 100.0

2.12 y 10 -6 0.3

1.20 x 10 "'1 100.0

9.60 x 10 "3 0.6

Cement

_ src
1.1% - 2.5%

16.2 2.8

99.6

16.2 2.8

(.I

99.7

X

99.4 < .I X

6.05 x 10-5 .............. - I00.0

3.10 x 10 "a 99.9 0oi < .I X

1.2961 X 10-6 .S.."_" 74.0 .8 X

2.16 x 10-4 99.2 0.8 X

1.l,l x 10 "'1 100.0 - - <.1 X

1.9,1 x 10 -6 0.7 - 99.3

|**
9.678 x I0" - - I00.0

3.96 x I0-5 I00.0 - - < .I X

1 O- 2.* **2,01 x 6.2 - 0.2 93.6
3****

4.18 x 10"" 59.7 39.3 0.7 0.3 X

2.01 x 10 "'l 100.0 - - < .l X

7,19 x 10 "5 7.0 93.0 - X

2.21 x 10 "'1 ,q3.9 - - 16.1 X

1.22 x 10 -'1 99.4 - - .... 0.6 X

1.8t x I0"(_ 100.0 - - X

.... x I0"5 77.7 - - ...3 X

Exit Point ('X'

indicates compound

is present)

h'ast e St ripper
Chlorides Column

* Argon does not include pyrolysis purge quantities.

*' Tyl_ieal or.qanic-chlorosilane. Decomposes to methane and chlorosilanes.
*** Inclttdes dissolved nitro.qen in inert gas padding on STC storage tanks.

**'* Includes oxygen content of inoistttre. Reacts to form oxides.
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exit the process in two major streams. The complexed and chloride solids

are removed through the settler and the light gases are removed by the

stripping column. Minor exit points include tank purges, equipment guard

filter catches ,_nd adsorption by the redistribution reactor catalyst.

Except for light gases, entering impurities are converted to

their respective chloride forms in the hydrogenation reactor. These com-

pounds generally have higher boiling points than the chlorosilane mixture

exiting the hydrogenation reactor. Rapid quenching of gases to the dew-

point results in the formation of a slurry of metal chlorides. Some com-

pounds also react (particularly with boron and phosphorous) to form high-

boiling complexes. The uncondensed mixture of hydrogen and chlorosilane is

freed of most impurities at this point. Some of the more volatile chlorides,

such as aluminum and titanium, however, are still present in significant

quantities.

After condensation, the dissolved light gases are removed by the

stripping column. All volatile contaminant gases lighter than silane must

be removed to at least 0.01PPB and 99% of the heaviest of the volatile

contaminants, which are also heavier than silane, must also be removed. It

is not necessary to drive the stripper in removing the _latile contaminants

heavier than silane since they will be rejected in the bottoms of the silane

column and purged. The bottoms product of the stripping column still con-

tains dissolved impurities, but virtually all impurities (except boron,

phosphorus, and arsenic, which pass through as hydrides) are separated from

the distillat_ in the next distillation column. _le reaction of boron

trichloride to diborane occurs in the second column as trace amounts of

silane from the TCS redistribution reactor contact boron trichloride.

Similar reactions occur to phosphorus and arsenic chlorides. Essentially

all other impurities are removed in the bottoms product of the second column

with STC. These compounds are recycled back through hydrogenation and

removed from the process in the settler. Depending on volatility, the

impurity chlorides will build to fixed concentrations in this loop between

hydrogenation and the second distillation column.
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The distillate from the second column probably contains measurable

amounts of boron, phosphorus and arsenic. Amounts of other materials can be

calculated on a theoretical basis but may not be measurable. After this

liquid is fed to the third column, little change is made in impurity levels.

It is conceivable, however, that certain trace compounds may enter the

process and become trapped between the second and third columns. To prevent

this, a purge stream is taken from the bottoms product of the third column

and sent back to hydrogenation. An example of such a compound would be

methyl- or dinlethyl-chlorosilane.

The distillate of the third column passes through a redistribution

reactor before being fed to the fourth distillation column. Boron present

in the third column distillate is further reduced by adsorption onto the

redistribution reactor catalyst. The last column is keyed to reject diborane

to a level of 0.01 PPB. Since other impurities are heavier, they are removed

to even lower concentrations. To prevent a buildup of diborane, phosphine

and arsine, a purge from the fourth column bottoms product is sent back to

hydrogenation.

In addition to the previously discussed precautions, another scheme

is employed to reduce the boron flow to the last column. Small amounts of

silane from the silane column distillate are fed to the bottom of the

stripping column, which may react with any boron trichloride that is present

and form diborane. Diborane will leave with the overhead product as opposed

to boron trichloride which leaves with the crude STC/TCS bottoms product.

Because of ttie redundancy employed in removing impurities, the silane

distillate from the last column should be of extremely high purity. Antici-

pated silane purity is shown in Table V-2 on a theoretically calculated

basis, on an expected basis, and on the basis of the probable requirements

to make semiconductor-grade product.
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TABI,E V-2

PI{OI)UCT SII,ANE IMPlII_I'I'Y ANAI,YSIS

(In Parts per gillion)

Theoretical

_mpottnds Mass Balance E._ected
J | Jl i t •

Boron 6,48xi0 -5 0001

-13
l'hosphorus 9. 687x10 <0.01

Q

Arsenic 5o260x10 .3 <0.01

-12
Sul fur 1. 566xi0

_lethyls, dimethyls 10 -90
-30

T], V, Zr 2.0518x10

,\I 2.051xi0 "30

llelium 10-90

t lydro g en 1O" 90

;.;i trogen 8.4695x i O- 8

Oxygen ---

..\vgon 2.9 x IO" 7

_lethane 3. 4647x10

Carbon l)ioxidc i. 2830xi0 "5

l'_'ater " " < I

Ch loros ilanes 1.0259x10" oO

Ilydrogen Chloride --- I.

Required 1:o1:
IO0+S]-cI_I l'roduct

0.01

<0.01

<0.01

<O,Ol

XO'l'li: First column is a theoretical calculation and does not reflect

tramp impurities or equipment-related recontamination,

any
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5.I.2.5 Process Performance

5.I.2,5.1 Plant Battery Limits

1_e I000 MT/Yr commercial pl:Jnt requires raw materials, utiliti.es,

and consumable items to operate. Raw material consumption consists of 98%-

pure, metallurgical-grade silicon, cement copper, _echnical-gzade silicon

tetrachloride and ¢on_nercial-grade hydrogen. Utility inputs are water,

fossil fuel, electrical power, inert gases, a hot-oil process heating system

and a modest refrigeration system. Consumable items requirements consist of

the amine-resin catalyst, quartzware, silicon wafers and various analytical

chemicals.

This conmercial plant generates a liquid silicon product, by-

products and waste. The by-products are fumed silica and muriatic acid,

which are actually recovered from plant waste. This reduces volume, cost

and time involved in handling the disposal of plant waste.

5.1.2.5.1.1 Raw Materials

Metallurgical-grade silicon will be supplied as nominal 200-

micron size powder and will be stored in an atmospheric closed bin. The

powder is shipped using cement trailer-t)_e trucks that are commonly used

for bulk-abrasivesolids delivery. The powder will be conveyed from truck

to bin using the truck's on-board blower in a positive-pressure mode.

Cement copper will be supplied as commercial-grade material

prepackaged into one- or two-gallon metal pails that can be conveniently

transported. The cement copper will be loaded manually into the blender.

Silicon tetrachloride will be supplied as 98%-pure, technical ....

grade liquid, and stored in an atmospheric tank. It will be delivered by

tank truck and pumped into storage by pressuring the tank truck with nitrogen.

Commercial-g1'ade hydrogen gas will be supplied and stored on

site as a liquid. It will be transported by tank truck.
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5,1.2.5.1.2 Utilities

Utilities required by the process will consist of a closed-

loop, hot-oil heat source to drive reboilers, cooling water, potable water,

electrical power, fossil fuel (natural gas), a modest refrigeration system

and inert gas. -...........................................

11_e heat to drive process reboilers can be obtained by steam

heat or recirculated hot oil. To maintain the simplest, most automatic

means of process heating, a heat-transfer oil, such as Therminol-60, at

290°C is preferred over a 600-psig steam system. Although the energy density

is lower with a recirculated liquid than with a condensing high-pressure

steam, the recirculated liquid offers certain operational and economical

advantages. Elimination ofthe need for boiler-feed water supply and treat-

ment and boiler blowdown, and a reduction in manpower attention are seen as

reasons to favor a hot-oil system.

Potable water will be required to provide cooling watar make-up

and to provide process water for use in waste treatment;

Electrical power will be required t6 drive electrical motors and

pyrolysis heaters.

Fossil fuel will be required to fire the hot-oil heater, a

direct=fired process superheater, and the combustion equipment used in

waste treatment.

[

A small refrigeration system will be required to drive the strip-

ping column condenser, and the silane column condenser, and to maintain liquid

silane equipment at temperatures below ambient. An R-12 system, with a -43°C

condenser temperature is recommended.

Inert gases are requiredtopurge process equipment. Argon will

be used in the pyrolysis/consolidation area, and nitrogen will be used in all

other areas of the plant.
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5.1.2,5,1,3 (;onsum_ible.q

Consumables for the process will consist of Rohm _nd llaas

Alnberlyst _A-21, mll:ine-functiolml l'e:_in, quavtzware for the pyt'oly.qis/

consolidat:ion equipment, silicon _afers for ,analysis of silane purity and

various analytical choll,icals.

_nine resin will be required to recharge the two redistribu-

tion reactors. _?hile catalyst deactivation rates are uncertain, it has

been estimated that approximately one charge per year will be required.

Quartzware will be required for pyrolysis reactor liners and

product melter crucibles. Replacement rate will be a function of thermal

and mechanical fatigue. It is estimated that each quartz liner will have to

be replaced once every three months and that each quartz crucible will have

to be replaced once every three days.

Single, crystal, silicon wafers one-inch in diameter will be

used for epitaxy. _ree wafers per day will be used.

Analysis chemicals will be needed to stock a quality-control

laboratory. Cylinder-gases will be used for gas chromatography and epitaxy

analyses; required cylinder gases include helium, electronic-grade hydrogen,

hydrogen chloride and argon. Specialty chemicals neededfor concentration

and sample preparation of certain Cllemicals include perchloric acid, hydro-

fluoric acid, nitric acid, ethyl alcohol, isopropyl alcohol, liquid ammonia,

a_nonia molybdate, and curcumin polynitrite. Additionally, caustic soda

and electronic-grade acetonewill be required for cleanup and disposal.

5.I.2.5.I.4 By-products and Wastes

System wastes are processed through a flame-oxidation subsystem

to recover silicon as a fumed silica by-product. Chlorine is recovered as a

weak muriatic acid solution. Bn .,tare marketable as low-value conmlodities.

The fumed silica is used as a filler for such items as rubber products and

the muriatic acid is used for such purposes as metal pickling.
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5.1.3 Plant l)esign

5.1.3.1 Proces,_ Equil),lent

A complete process equipment list, M_ich includes pertinent int'or-

mat:ion about each piece of equipment, is provided in Table. C-IV for the

1000 MT/Yr commercial plant. Note detailed specif.ications are supplied

for the major pieces of equipment Chydrogenation reactor, distillation

columns, redistribution reactors, and pyrolysis reactor) in 'Fables C-V

through C-XlI. The details and spec.ifications necessary for sizing and

designing the equipment are all based on the stream catalog listed in

'Fable C-II.

5.1.3.2 Chemical Handling and Safety

Chlorosilanes and silane are stable compounds at both ambient and

process conditions of temperature and pressure. They may he handled safely

provided their chemical properties are klloiqll and proper provisi.ons taken.

These compounds are noncorrosive to both metals and plastics° ilowever, [n

the presence of moisture, chlorosilanes rap:idly react to form silicon hydrates

and hydrogen chloride. Because of this reactiv.ity, chlorosLlanes should always

be handled with care to preclude contact: w.[th sources of moisture, even atn:os-

pilerLc a.i.r. All ehloi'osilanes should be treated as potenti.at IIC[ sources.

Si. lane contains no chloriiw, :is not react-i.ve with mo.Lsture, and, therefore,

I;roduces no corrosive 1)y-products.

Flanmmbility of this series increases from silicon tetrachloride,

which is nonflanunable, to silane, which is pyrophoric (it combusts upon

contact with air). qq_e reported flashpoint for trichlorosilane is -2S°C

wi.th dichlorosilane reported at less than -.28°C (tag closed cup)and at less

than -37°fi (tag open cup).

t

t

Volatility and flame temperature also increase through the series.

Silicon tetrachloride anti triehlorosi.lane are liquids at normal, conditions

of temperature and pressure and are heavier than water. Ilichlorosilane,
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monochlorosilane and silane are gases at normal conditions and are heav'_er

than air. The flame Iemperat_$re increases with increasing hydrogen content

(decreasing chlorilm content), ranging from nonflm_m.hle sllicon tetra-

chloride to silane, wMch ha._ a flame temperature slightly less than methane.

Chlorosilanes and silane should be disposed by controlled combus-

tion in the waste-treatme;Y_ area. However, they may be disposed alternately

by reacting with a lime or caustic solution, using copious amounts of solu-

tion to keep heat effects to aminimum.

A chlorosilane fire is handled in similar fashion using copious

mnounts of water in a coarse spray. A silane fire cannot be fought with

water since no ignition source is necessary. It is handled similar to a

hydrogen fire, by shutting off the source.

5.i.3.3 Instrumentation and Control

The instrumentation for the plan't consists of equipment to achieve

overall proteins control and tO mon_tor quality control. %Chile a modern

process control system may contain some means of recording control parameters,

rio special equipment will be installed exclusively for data collection other

than some-chart recorders. All extensive data collection to evaluate process

feasibility and operating characteristics will have been done prior to con-

struction of a conm_ercial plant.

Process control equipment is specified by the temperatures, pres-

sures and mass flows given in the stream catalog, Table C-II, together with

the methods of control for individual loops as determined above. Process

control equipment will generally consist of field-mounted transmitters and

relays; which interface with a central control panel and alarni module. I:icld,

mounted panels will be mtnimal and only used for troubleshooting. An excep-

tion to this will be the stacked pyrolysis reactor/melter units, which will

be operated from field-mounted p.anels with supervisory control at the

central control room.

2,18
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The process will be monitored at the central control room by an

operator. An additional roving operator will check the actual operation

of the equipment in the field. Because of the requirements of the pyrolysis

area, two operators will monitor pyrolysis and equipment locally. A fore-

man will supervise all control operations o11 an individual shift.

Quality-control equipment is specified by the requirements of

analysis. For composition analysis, a combination of wet chemistry and

gas chromatography is used. For silane quality control, a reactor is

provided to deposit an epitaxial layer of silicon on a wafer substrate.

While this method does not reveal individual contaminant levels, an ade-

quate day-to-day check on silane quality is obtained by observing deposit

polarity (p-type vs n-type) and resistivity. Special checks for further

quality control will be sent outside or special equipment rented. A labora-

tory technician will be on duty each shift to operate the quality control

equipment; a chemist will oversee the total analytical effort of quality

control.

5.2 120 MT/YR COMMERCIAL PLANT

5.2.1 Introduction

The 120 MT/Yr commercial plant design converts 98%-pure, metallurgical--_

grade silicon to ultra-high-purity, semiconductor-grade, molten sil_c0n metal.

The design study and economic analysis for this small commercial facility was

made to provide a direct economic comparison with the commercially viable .....

i000 _/Yr design.

The UCC silane process converts powdered, metallurgical-grade silicon

metal to triehlorosiiane by hydrogenation of silicon tetrachloride in a hot,

fluid-bed reactor. By successive purification, distillation, and chlorosilane

redistribution, the triehlorosilane is converted to ultra-high-purity silane

containing total electronically active metal contaminant concentrations

below 0.01PPB.

_.,.,_ ..: :_,,. •........



The pure silane is pyrolyzed to form finely divided silicon metal

powder that is electrically melted in quartz crucibles to yield the molten

silicon product. The molten product will be extracted from its containing

crucibles for subsequent processing by technology presently being developed

by other JPL contractors. The definition and cost of this molten silicon

processing equipment is not included in this design study,

5.2.2 Process Design

The 120 _/Yr commercial plant design is the same as the 1000 MT/Yr

commercial plant design. The operation of the smaller plant is the same as

the operation of the 1000 MT/Yr plant, except for the quantity of ultra-high-

purity silicon produced. The same problems of and solutions for contaminant

removal still exist. Therefore, process controls and operating pressures

and temperatures have not changed. The only process design difference between

the 120 _/Yr plant and 1000 MT/Yr plant is that hydrogen is supplied as a

vapor and stored in cyli,der banks in the 120 _/Yr plant while it is sup-

plied and stored as a liquid in the 1000 MT/Yr plant.

5.2.3 Plant Design

The equipment used in the 120 MT/Yr commercial plant differs consider-

ably from the equipment used in the 1000 _rr/Yr commercial plant. The re-

boilers on the stripper and silane columns are coiled tubing in the base of

the columns for the smaller plant. The quench contactor pump is a diaphragm

in the 120 MT/Yr plant, while it was centrifugal in the 1000 _fr/Yr plant.

The pyrolysis and consolidation a:'ea requires only three reactors and three

melters in the small plant as opposed to fourteen reactors and fourteen

melters in the large plant. Also, because of the smaller size, most of the

plumbing used in the 120 MT/Yr commercial plant will be tubing instead of

piping.
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SIX:'I'ION 6

COb1MI!RCIAI, UI.ANT I!CONOMIt_S

Two analyses were performed to assess the economics of producing molten

silicon using the UCC silanc process. 'the first cvahmted the cost*' of

silicon produced in a 1000 _fr/Yr plant against the 1986 DOE/JPL goal of

$10/kg (1975 dollars). The second evaluated the cost of silicon, produced

in a 120 MT/Yr facility. The latter analysis provided da_a about the rela-

tionship between product cost and plant capacity.

The economic analyses are based on the best available information as of

January I, i979, and are in terms of constant first-quarter 1979 dollars.

Capital costs, startup costs, and annual operating costs have been estimated.

By applying standard financial calculation methods, the product cost has been

obtained both in terms of public (or utility) financing and private financing.

An annual inflation index of-7% has been assumed for converting 1979 dollars

to 1975 dollars for comparison with the JPL/DOE $10/kg cost goal.

6.1 I000 MT/YR CO_IERCIAL PLiaNT ECONOMICS

Based on first-quarter 1-979 dollars, using public or utility financing

at 9% interest, the silicon product of a 1000 MT/Yr plant would have a cost

of $7.55/kg. Assuming an inflation index of 7% per year, this corresponds

to a cost of $5.76/kg in 1975 dollars, a figure _ell under the 1986 goal.

The economic analysis will be presented in detail below.

All process equipment costs were obtained with vendor assistance and

are given in Appendix Table C-IV. Equipment sizes were scaled from those of

the 1000 _fF/Yr EPSDU. Costs for freight, mechanical contract, construction

field support, and engineering were estimated on the basis of work done in

the fourth quarter, 1978, in support of the EPSDU. No detailed engineering

design was done l:or the 1000 _fI'/Yr plant; the data acquired for the EPSDU

is within acceptable accuracy boundaries for budgeting purposes. All

capital costs are reported here in constant, first-quarter 1979 dollars.

*-In--t--h--is--dis_cus-s_ton-the term _'cost--in reference to the molten silicon
product--represents the cost to the user industries. It includes the
expense and return on investment of the producer,

i
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The yearly operating cost was obt_lined by est.imating the cost of all

l'dW II|at t'Vi _1 1._, t_I i [ it i es, manpo_vcr, I!1_1 i l_tenance materials, analytical

services, consumables, property taxes, insurance, period costs and home-

office charges. In all cases the plant site was assumed to be at the Union

Carbide facility in East Chicago, Indiana, permitting site-specific charges.

'rhe cost of startup was obtained by estimating the cost of manpower

training and pre-operation checkout, the cost of preparing operating in-

structions, the cost of engineering assistance during startup, the cost of

startup operations (raw materials, utilities, etc.), and, finally, the cost

of reworking equipment during a post-startup period to correct any mechanical

deficiencies uncovered during startup.

Working capital requirements were determined by estimating the cash

value necessary for the hold-up time of accounts payable, accounts receivable,

and inventory value.

The costing elements that served as a basis for estimating plant capital

cost, yearly operating cost, startup cost and working capital are summarized

in Tables C-XIII through C-XVII.

Assuming 100% public bond or utility financing, product costs were

computed on the basis of the following estimates:

Plant Capital Cost

Construction Time

Project Life

Startup Cost

Working Capi .ll

Yearly Operating Cost

13et,rec iat ion

$8,778,600 (3.4% invested in 1979,

36.5% invested in 1980, 60.1% in-

vested in 1981)

2_-3 years (including design time)

15 years (1982 to 1997)

$1,579,900

$461,800 + 11% of sales

$5,347,000 + 10% of sales

15 years, straight line



The product costs obtained are as follows:

Interest Rate

(Percent_
Silicon Product Cost ($!kg)

lst-qtr 1979 dollars 1975 dollars

8 $7.44 $5.68

9 7.55 5.76

10 7.66 5.84

ii 7.77 5.92

12 7.88 6.01

Assuming 100% private funds, the following estimates were used to

compute product costs:

Plant Capital Cost

Construction Time

Project Life

Startup Cost

Working Capital

Yearly Operating Cost

Depreciation

Investment Tax Credit

Federal Income Tax

$8,778,600(3.4% invested in 1979,

36.5% invested in 1980, 60.1% in-

vested in 1981)

2!_-3 years (including design time)

15 years (1982-1997)

$1,579,900

$651,000 + 11% of sales .....

$5,347,000-+ 10% of sales

I0 years SYD (Sum Of Years Digits)

10%

"46%

The results, using various discounted cash flow (DCF) rates of return, .....

are as follows:

DCF Rate

_Percent)
Silicon Product Cost ($/k_)

lst-_tr 1979 dollars 1975 dollars

10 $ 7.97 $6.08

15 8.88 6,77

20 9.91 7.56

25 11.07 8.45

30 12.33 9.41

253



In all cases, working capital was assumed to be recovered at tile end of

the project life, and the phmt was assumed to have no salvage value.

If utility financing at 9% interest is assumed, the silicon product

cost. is $5.76/kg in 1975 dollars. Tile distribution of various cost elements

in this product cost is given below:

Cost Item 1975 dollars/kg

Raw Materials

Utilities

Manpower

Maintenance Materials

Analytical Charges

Consumables

Property Tax and Insurance

Period Costs

Home-Office Charges

Manufacturing Cost (excluding

depreciation]

Depreciation

Capital Charges

Total Product Cost

$ 1.80

0.65

0.97

0.21

0.03

0.26

0.08

0.07

0.58

4.66

0.47

0.63

$

6.2 120 MT/YR COMMERCIAL PLANT ECONOMICS

The 120 blT/Yr commercial plant uses the same process as the 1000 b_/Yr

plant. It also has the same flow rates as the EPSDU. (The on-stream factor

differs, however; the on-stream factor of the 120 _/Yr plant is 85% and

the on-stream factor of the EPSDU is 70%.) Consequently, the bases used

for the economic analysis of the 120 _/Yr commercial plant were quite

similar to those used for the 1000 h_/Yr plant.

Again, the analysis was based onthe best available information as of

January 1, 1979. On the basis of first-quarter 1979 dollars and the assumption

of public or utility financing at 9% interest, the silicon product cost of the
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120 _N'/Yr plant was $24,40/kg, If an inflation :index of 7°o per year :is

a._._umed, this cost is equivalent to $lS.6I/kg in ]975 dollars.

The investment cost for the 120 _[r/Yr commercial plant was obtained

from the 100 MT/Yr EPSDU estimate, with certain changes in the instrumen-

tation, waste treatment, pyrolysis and product-consolidation areas. In

addition, buildingswere used for offices and storage instead of trailers.

New equipment costs unique to the 120 8ff/Yr plant were obtained using

vendor assistance. The cost of each piece of equipment is given in

Table D-I.

Yearly operating costs, startup costs, and working capital require-

ments were estimated similarly to those of the i000 MT/Yr plant; these costs

are broken down in Tables D-II and D-Ill. Assuming 100% public bond or

utility financing, product costs were computed on the basis of the following

estimates:

Plant Capital Cost

Construction Time

Project Life

Startup Cost

Working Capital

Yearly Operating Cost

Depreciation

$4,932,600 (3.4% invested in 1979,

36.5% in 1980, 60.1% in 1981)

2½-3 years (including design time)

15 years (1982 to 1997)

$763,640

$104,710 + 11% of sales

$1,861,960 + 10% of sales

15 years, straight line

The product costs obtained are as follows:

Interest Rate

.(Percent_
Silicon Product Cost ($/kg)

lst-qtr 1979 dollars 1975 dollars

8

9

10

11

12

$ 23.94 $ 18.26

24.40 18.61

24.87 18.97

25.35 19.34

25.85 19.72

"}c



Assuming 100% private funds, the follovdng estimates (in constant,

first-quarter 1979 dollars) were used to compute product costs:

Plant Capital Cost

Construction Time

Project Life

Startup Costs

Working Capital

Yearly Operating Costs

Depreciation

Investment Tax Credit

Federal Income Tax

$4,932,600-(3.4% invested in 1979,

36.5% in 1980, 60.1% in 1981)

2!_-3 years (including design time)

15 years (1982-19979

$763,640

$181,900 + 11% of sales

$1,861,900 + I0% of sales

10 years SYD

10%

46%

_le results obtained using various discounted cash flow (DCF) rates of

return are as.follows:

DCF Rate
(Percent)

Silicon Product Cost _$/kg)

Ist-qtr 1979 dollars 1975 dollars

10 $ 26.02 $ 19.85

15 30.04 22.92

20 34.63 26.42

25 39.72 30.30

30 45.46 34.68

In all cases, working capital was assumed to be recovered at the end

of tile project life and the plant was assumed to have no salvage Value.

If utility financing at 9% interest is assumed, the silicon product

cost is $18.61/kg in 1975 dollars. The distribution of various cost

elements contributing to this product cost is given below:
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Cost Itom 1975 dollars/kg

Raw M_,erials

Utilities

Manpower

Maintenance Materials

Analytical Charges

Consumables

Property Tax and Insurance

Period Cost

Home-Office Charge

Manufacturing Cost (excluding

depreciation)

Depreciation

Capital Charges

Total Product Cost

$ 1.99

.89

6.67

.61

.29

.42

.37

.59

1.86

$ ls.69

2.09

2.83

$ 18.61

A comparison of these costs with the I000 MT/Yr plant costs will show

a small increase in raw materials, utilities and consumables on a per-kg

basis resulting from the economics of scale. The manpower requirement is

slightly less (eight people) because the 120 FFF/Yr plant uses fewer pyrolysis

reactor/melter units. Analytical charges and period costs are the same on

a total-dollar basis. _laintenance materials, property taxes, and insurance

costs are-all a function of equipment costs. The home-office charge is 10%

of sales.
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, ECIION 7

RIiCOHI'IENDEI) FUTURE ACTION

To expedite the ¢ommcrcial establi.shment of the sJlane-siltcon process

for p_'oducing qual_ity pol),crystalline zilicon) a number of activities have

been proposed, as described below.

7, 1. SIIANI! PYI_OI,YSIS/('ONSOLII)ATION

No major future improvements either in the configuration or the economics

of the process that produces high-purity silane from metallurgical-grade

sil.icon are expected since the process design is relatively mature, tlowever,

substantial improvement in the .processes that convert the high-purity silane

to poly- and single-crystalline silicon are expected. A concentrated R&D

effort is needed in three areas to develop technology that is comparable-in

maturity to the silane-producing technology.

ao Free-Space Pyrolysis - Long term, steady-state tests in the

existing PDU and supporting theoretical analysis are required to --

establish scale-up parameters and determine optimum reactor geometry.

b Melting/Consolidation - This step is essential for converting

free-space reactor silicon powder into a form that can be handled

and shipped without introducing Contamination. The technology

is sound and 3/4=inch rods were produced in an argon atmosphere°

For the process to be efficient, the melter should be close-

coupled with the pyrolysis reactor and 3-inch rods should be

cast in a pyrolysis-released hydrogen atmosphere.

_o Fluid-Bed Pyrolysis - Silicon particles produced in a fluid-bed

are automatically in a form that can be handled with a minimum of

contmnination. Because of the inherent advantages of the fluid

bed, a sustained development effort is required to demonstrate

technical practicality and obtain scale-up information so ttiat

tMs process can be used as a backup or alternative to free_-__

space pyrolysis.
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l'l_ture development should hu:i.hl upon recent nnalytical work performed by

,]PI, _Ind ucc. Details re larding these silane p),ro]ysi._ investigations are

documented in llo_]e, Ref. 188; Pratul'i, Ilsu, l,ut_ck, Ref. jJ); Prtlturi,

.lain, Ilsu, Ref, 2(___; Rexo.r, Ref. 21; Rexer, Ref. 22.; and T:il:mlel _ Rexer,

Ref, 23.

7.2 ANALYTICAl, TECHNIQUES

The silan¢ process.promiSes to deliver silane at a level of impurity

several orders of magnitude below detection limits of currently available

analytical instruments. Techniques must be developed to detect extremely

low levels of impurities in silane. In the process design, the pure silane

is homogeneously decomposed into hydrogen and submicron silicon powder,

which is melted and converted to solid boules. Zone refining techniques

shouldbe, developed for evaluating the quality of this final product.

7.3 VAPOR-LIQUID EQUILIBRIUM DATA

The final distillation column, which fractionates silafle to very high

purity, is designed to separate"silane from diborane contaminant whose

volatility is only slightly below the value for silane. To final design

this • column, accurately measured, silane-diborane and silane-phosphine

vapor-liquid equilibrium data are needed.

7.4 STC HYDROGENATION KINETICS --

i

Considerable experimental kinetic data are available for silicon

tetrachloride hydrogenation. They have been correlated (Section 4.3.2)

although the exceedingly complex mechanisms are not thoroughly under-

stood. Copper and metallic contaminants in the metallurgical silicon

feed are all believed to catalyze the rate at which the chlorosilanes in

the reactor product-mix reach equilibrium. Some experiments have suggested

that the addition of copper catalyst to the reactive mass hardly increases

the reaction rate. It is suspected that contaminant metals in the feed

silicon may have catalyzed the reaction rate in those tests, masking the

effect of the copper. To isolate the catalytic effect of copper, kinetic



experiments should be conducted with crushed semiconductor-grade, poly-

silicon powder (which is contaminant free) both with and without a copper

catalyst. In addition, kinetic data are desirabl.e at the 500-psig, process-

operating pressure to supplement the 200-psig data currently available.

7.5 WASTE DISPOSAL BURNERS

A system of threeburners is provided in the process design to flame

oxidize all liquid and gaseous waste. The combustion equipment will be

similar to that used by the fumed-silica industry. Some burner design

modification and testing are needed to ensure proper burner opera_:_.on on

feed_ differing from current commercial practice .......

7.6 EXPERIMENTAL PROCESS SYSTEM DEVELOPMENT UNIT (EPSDU)

A sufficient data base is in hand to permit the design, assembly, and

operation of'a 100 MT/Yr EPSDU to demonstrate all technical and economic

aspects of the silane-silicon process. The facility should also be used to

amplify and refine the design data base for a large, commercial project.
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APPENDIX A

S[J/_IAR.Y OF _IE S'I'ATEMENT OF WORK AND Till_': CON'I'IL_CT [)EI,IVERABI,ES

Union Carbide Corporation performed Phases I and II of tlle total program

under JPL/DOE Contract No, 954354. Work performed during Phase I, whicl: was

started in October 1975 and completed in January 1979, sought to demonstrate

(i) the practicality of a high-volume, low-cost silane production process_

including the subsequent pyrolysis of silane to semiconductor-grade silicon;

and (2) the feasibility of high-frequency, capacitive heating of a fluidized

bed of silicon particles to the silane pyrolysis temperature.

Work performed during Phase If, which commenced in October 1977 and

ended in March 1979, aimed to provide: (I) a unified, integrated process

design for producing high-quality, semiconductor-grade silicon from metal-

lurgical silicon by assembling a diverse corporate silicon technology base;

(2) a preliminary, or if possible, a comprehensive design of an Experimental

Process System Development Unit (EPSDU) capable of producing I00 _/Yr of

silicon; and (3) an economic analysis of estimated product price for a high-

volt,e, i000 b_/Yr plant. The overall goal of the program was to develop

technology for producing semiconductor-grade silicon at or below the silicon

material task goal of $i0 per kilogram (1975 dollars).

The contract technical deliverables and delivery dates were as follows:

Technical Deliverables Date--of Delivery -[

Phases I & II

Honthly 'Fechnical Reports

Quart erl y 'rechn i ca I Report s

FinaI TechP. ical Report

Phase I :

l,aboratory Notesj as required by
para. (a)(5)

l'rogress s,imple, as required by

para. (a) (4_ (A)

btonthly

Quarterly

March 3l, 1979

Monthl y

Silane sliipped to Palnna 11/22/77:

2.1 kg

III_R-026-1-5 powder shipped to ,11"t,
•1/19/ ,, I0 gins.
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Progress sample, as requl_'ed by

par:l. (:l) (,1) (A'l(eolltinlledt

lligh-purity silane sample, as

required by para (at (4) (B)

Free-space reactor sample, as

required by para. (a) (,i)(Ct

Fluid-bed reactor sample as

required by parao (a)(4)(D)

Product iov sample, as required

b.v para, (a) ('It(Et

Other san|pies delivered

IIPR-626-1-2,1-1 powder shipped to ,11'I,
2/14/78, 10 gins.

IIPR-616-I-24-2 powder shipped to JPl,

2/14/78, lO gms_

11PR-626-I-24-3 powder shiplmd to ,TPl,

2/14/78, lO.._;mso

I1PR-626-6-27-1 powder shipl_ed to JPl,

2/14/78, 10 gins.,

MR-62b-8-16-2 melt shipped to JPl,

2114/78; 10 gins.

blR-626-8-19B-3 melt shippe.d...tq.J.P._l,_

2/14/78, 10 gms o

MR-626-8-19A-4 melt shipped to JPL
2/14/78, 10 gms.

MP-626-8-405 melt shipped to JPL

6/14/78, 10 gms.

Silane shipped to JPL 7/19/77, 1ol kg

Silane shipped to JPL 7/1978, 3.2 kg

ttPR-626-11-86 powder stiipped toJPI,

1/16/79, 5086 gms.

HPR-626-11-87 powder Shipped to JPL

1/16/79, 550 gms.

(See note)

MR-626-l.2-9, powder shipped to

Crysteco for Crystal pull, 2800 gins.,

crystal shipped to ,IPL, 3/23/79,

2500 gmso

IIPR-626-10-61 pm,'der shipped to JPl,

8/29/78, 200 gms.

Sample shipped to JPL, 8/17/77, 500 gills

Powder shipped to Tarrytown (Analysis)

11/2/772, 4(10 gins. (4 samples)

Powder shipped to Tarrytown (Analysisl

11/3/77, 100 gins.

Melt shipped to Tarrytown {Analysis?

12/2/77, 200 gmSo
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Other sanlples delivered
( cont i nued)

Phase II :

Scale Model of a 1000 _ff/Yr

Commercial Plant, as required
by para. (c) (2) (F.)

One cop), of optimized designs,

as required by para. (a) (1) (B)

One copy of list of equipment

and materials directly purchas-

able, as required by para.

(a) (2) (B) .......

One cop)' of detailed flow sheet,

as required by para; (a)(2)(A)

One cop), of preliminary plant

and equipment design, as

required by para. (a) (2) (D)

One copy of the estimates, over-

view estimates, integrated design,
and overall evaluation and recom-

mendation as required by
para (a).(3)

Sample to siJtec 6/3[3/78, 300 gins.

O O _,qalnple to Mnde (Ty_l) 7/13/78j ,.7._._ gins

Salilple to l,:inde (Iya) 3(I/5/78, 8000 gills

Sample to Bepex 10/19/78, 300 gins.

March 31, ]978

March 1979

(gee note)

April 28, 1978 (25 MT/Yr)
March 1979(100 _fr/Yr)

April 28, 1978 (25 _fflYr)

March 1979 (I00 _ff/Yr)

April 28, 1978 (25 _ff/Yr)

March 1.979 (I00 NT./Yr)

January 1979 (1000 _fr/Yr)
March 1979 (I20 _ff/Yr and 1000 NT/Yr)

NOTE : Fluid-bed pyrolysis is not developed sufficiently to be able to de-sign

an optimum system at this time. Instead of. an optimum design, a r@ort

was issued on ,lune 12, 1978 titled "Technical Assessment of Silane

Pyrolysis in Fluidized Bed Reactor".

A-4



APPENDIX B

CRITICAL PROPERTIES, VAPOR PRESSURE, ENTI_LPY AND LATENT tIEAT CONSTANTS

CONTENTS OF APPENDIX B

Section No.

B-I

Table No.

B-I

B-If

B-Ill

R-IV

Section Title

Introduction

Table Title

Critical Properties

Vapor-pressure Constants

Vapor Enthalpy

Liquid Enthalpy

B-4

B-4

B-5

B-S

B-I



B. I INTROI)UCTION

A reliable and consistent set of data were needed to perform :i heat

and mass balance evaluation of tile overall UCC silane process. This in-

cluded such data as the ti_ermodynamic and physical properties of the

chlorosilanes and other trace impurity components. These data were

acquired through an extensive search of the open literature and in-house

UCC research information. When experimental data were found to be missing,

the best available estimation procedt,'res were employed (Reid, ot al., Ref. 24),

These data were stored in a computer data bank for use wtmnever calculation

of a certain property was required. A list of chlorosilane critical pro-

perties, vapor pressures, and vapor and liquid enthalpies are given in

Tables B-l, B-If, B-Ill, and B-IV.

The heat of wqmrization (Ally) Was determined by tlie use of the Clausius-

Clapeyron equation in the following form;

-:Mt
dlnP v

(B-I)

The left-hand side of equation B-1 was calculated from the extended vapor"

l_ressure equation (Table B-II) and AZ, Mmre AZ.-is the difgerenee between wtpor

and.-liquid compressibilities,.was determined by an ecmation of state. The values.

of II were then found as a function of temperature up to the critical point. 11_e
V

factor N in the Watson correlation, which Rave the best fit for AHv, was then

estab I i shed :

All v = All T - T 7N

ref _ j (B-2)Tr e f

The N factors are listed in Table B-IV.
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Some estimates of the reliability of these physical properties can

be made. For example, critical properties and vapor pressures play an

important role in K-value calculatiolls (Section 4.4,1,1), Usillg tile

critical property and vapor-pressure values given in Tables B-I and B-If

resulted in good agreement bet_._een experimental and calculated vapor-

liquid equilibria data. Replacing these critical constants with those

given by Lapidus, etal. (Ref, 25) did not give good agreement. This is

an indication of the good reliability of the critical constants presented

here. Also, the critical constants presented by Lapidus were not con-

sistent with the vapor-pressure data.

The data presented in Tables B-I through B-IV are the best avail-

able information at the present time and should be used in all process

calculations. As new information becomes available, it will be evaluated

and added to the present data bank.

._a,.
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'I'ABI,I! B-I

CP,IT [CAI, PP,flPI!I_TI:I!S

C]'itical Cr:i tical C]'i.ti en 1 Critical

Mo lecul ar Pressure Temp ComlnX, ss:ib:i 1tv .,Vol _.....
o ' a

Weight Atm ... C Zc cm /tool(,

SilII 32,118 48.00 -3o5 0.28?0 132.8

II3SiCI bO. 5(_3 47.80 123.5 0.2560 174.0

ll,SiC1,, 101,0(18 ,14.,10 176.3 0.254(I 211.0

IIS-i I:113 135.453 40.60 20600 002720 263.0

SiCI 4 169_898 37.10 233.8 0.2910 325.3

P :i t z e'r

Accelltric

Factor

O. 0779

0,.1311

O. 1648

0.1955

0°2608

TABLE B-IZ

VAPOR-PRESSURE CONSTANTS

A B C 11

Sill 4 - 6°019421 1230.5392 2.881096 -0.006200

}I3SiCI 140.3534 585405360 -22.80334 0.03708

II2SiCI 2 4107391 4338.0828 - 4.766268 0.001821

/tSiC13 115.4560 6582o2481 -17o57251 0.02179

SiC14 110.0(135 6712.7225 .16.65031 0.11_08." "

B
in I' = A "T

T = OK

P = atm

+C 1nT+ DT

B-4



'I'ABIA_B-Ill

VAPOR ENTIIAI,PY

It
' o A BxlO 2 Cx105

8,,,a 11. 1607 -1.1718 8 149Sill 4 -[t)99. ''re

ll_SiC:l - ,136.2(_37 i0.6544 1.326 2.546
,%

II_SiC1_ - 212..121_ 11.3693 3,173 -1.568

llSiC't, 822.5439 16.4255 3.821 -3.343
D

SiC] 1780.4147 17.9695 6.837 -ii.4/
4

Cxl05 1{

-12.09 5.808(10 -11

-11
- 3.993 1.914(10

3.847 -1.687(1{) "15)

2.099 -6.812(l_1 "12)

-11
11.81 -5.260.(10 )

, ,,2 3 4 , 5
It = II +Aq+BI +CT +DT +hT

v o

T = °K

}1 = BTU/I,b-mole
v

T o
...ref(K)

TABLE B-IV

LIQUID ENTHALPY

Allref(BTU/Lb'mo!e)

SiH 4 188.90 4703.01

ll3SiC1 277.66 7921.16

tl2SiC12 314.60 9770.96

IISiC 13 335.41 10468.96

SiCI 4 354.90 11449.94

_-Tc'T 1 N

Ill, = llv-Nlre f I_]r-_.T e A

0.313921

0.344535

0.455516

0.391462

0.338927

111, = l,iquid enthalpy, BTU/Lb-mole

I_,. = Vapor enthalpy, BTU/l,b-mole

T = (',ritical temperature, OKc

(See Table B-III)
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1.2o()9__]7YR COMMm_C]Al, PI.ANT {JSSUI_ i)

'l'abl c

C-I

C-II

C-Ill

C-IV

C-V

C-VI

C-VII

C-VIII

C-IX

C-X

C-XI

C-XII

C--XIII

C-XIV

C-XV

C-XVI

C-XVII

SEC'FIONS OF APPENDIX C

Title

1000 M1'/YR Conunercial Plant Stream Summary (Issue 1)

1000 blT/YR Commercial Plant Stream Catalog (Issue 1)

1000 blT/YR Commercial Plant Physical Properties for
Process Streams (Issue 1)

Equipment List, 1000 brI'/Yr Commercial Plant

Equipment Specification, Ilydrogenation Reactor

Equipment Specification, Stripper Column

Equipment Specification, TCS Column

Equipment Specification, DCS Column

Equipment Specification, Silane Column

Equipment Specification, TCS Redistribution Reactor

Equ_pment Specification, DCS Redistri.bution Reactor

Equipment. Specification, Pyrolysis Reactor

I".lements of Plant Capital Cost, 1000 bI'F/YR

Elements of Anmml Operating (lost, 1000 _.H'/YR

Manpower Staffing, 1000 brF/YR

Elements of Start-up Cost, 1000 bR'/YR

Elements of Working Capital, 1000 _rT/Yr

Pag__e

C - 2

C - 5

C - 17

C . 24

C - 28

C - 29

C - 30

C - 31

C - 32

C- 33

C- 34

C - 35

C - 36 ....

C - 37

C - 39

C -40

C - ,1l

[
L_

.d/, ,°_
C-1



TABI,EC-I: lO()O b,fl'/YR {TC)blblERCIAI, PLANT

STRI!AH ,q[IblblARV (ISSUE l}

STREAM NO

IQQOt,eQQ

tO0

lOI

I02

104

lOS

lob

I07

1On

109

110

111

112

113

114

!15

lie

117

IIR

)TO

121

122

IZ3

IZ*

IB5

156

157

IEB

159

531

132

533

134

13B

136

|37

EO0

201

205

2O3

E04

205

206

207

20B

209

210

211

E12

253

514

2_5

21b

El?

EIB

E21

22E

223

2E_

E2S

256

2ET

23O

231

232

E33

E34"

E3S

236

23T

E3B

239

E*O

242

2'_

3OO

301

303

30T

30B

311

317

313

314

400

*01

4O2

404

INT, ROe

etotallget

1

b

7

B

9

10

tl

12

In

IB

16

17

IB

19

20

• 21

22

Z3

2A

ES

26

2T

28

1DO

16B

_0

ITl

lOA

IB9

181

IB3

EAE

29

30

31

32

33 "

3A

3B

36

37

.... 3S

39

AO

*1

_E

63

44

AS

Ab

67

AB

49

SO

51

SE

53

SA *

5S

%

B_

60

61

62

63

64

_5

bb
IB4

19T

179

1BS

IB6

b?

_B

?O

TA

?_

|T6

IBZ

5T

BB

T6

TT

7B

79

BO

Ot.SCRIRTION T_F, PERSIA L|O.FR,
_aeeleeeae_eee_*_eeeeee_*_eeoeee_e_ e_e_ee _eee_e ee_e_ee

METALLURGICAL (iRAOE SILICON PONO_R FEED 75,0 |S,O 0,0

COPI_ER CATALYST FEED 7B*0 |B*0 I*0
MAn_-UP STC T_,O _B,O 1,8090

FLUIDI/ATION M_ TO k_l-02 |BO,O §16,7 0,0

PRES_tlRI/AIION H2 TO HOPPER _EI-02 IS0,0 Slb,? 0,0

ATMOSPHERI_ VENT FRON CYCLONE A|T-0E 7_,0 |A,? 0.0

FEED TO HYDROGENATION REACTOR A_§*OE 932,0 §lA,? O,I

PROOo_T FROM REA_TOR 42S*0_ q_,O _4,T $,0

COOLED RECV, TO STC STORAGE TAN_ 4_|-1_ |10,0 $4,0 |,00Oe

QuENC_EO STCITCS tO SETTLER 6Zl*g4 3TS_O _lZtT O*SBO8

RECYCLE STC/tCS QUENCH STREAN 3SA,O _/Ae7 |*OOgg

wASTE CHLORIDE SALTS FROM SETTLED 3S6,0 _LZoT 1,00OO

SAT* VAPOR H2/TCS/BTC TO COqO* A26"02 3S6,0 SIght 0*0

SAT, LIG* H2/TCS/STC O_[NCH RECyR 6EI-OB logeg SIlo7 IoSOOO

SAT, LIR, tCStSTC TO OUENCR PUMP AZ6-06 100.0 51],? l*lOOg

LIQUID RECYCLE TO SETTLER 62|-06 |og,o BI],T _*oogo

RUENCH STREAM TO CONDEqSER 4_4"0Z 100*0 57_*? l*900_

H2 VAPOR FROM 421-08 RECEIVER |00.'0 §lO,? t*0

TCS/STC LIQ. RRO0, 10 CRUDE TANK A21-1_ 100,0 S_O,T l,tOgO

M2 FEED TO COMPRESSOR 423"02t03 100*0 SlO,7 I*O

COMPRESSED _2 TO HE _EATER A29-08 500_0 SEs. T O_l

SUPERHEATED H2 TO REACTOR 42S'OE 961,0 516,7 |*0

BuPERHEATED STC TO REACTOR 4_S-0_ 961,0 B16,7 _tO

SAT* VAPOR SiC FROM VAPORIZER 4_4-0A 643,0 SZI*? 0*0

CRUDE TCS/STC TO SECTION 2 lO0,O 95,0 l*O00O

CRUOE TCS/BTC TO FILTER 4IT-g2 _00.0 _00*0 _*0000
STC FROM STC STORAGE TAHK 4_1-1_ TS,0 30o0 |,0000

STC TO STC VAPORIZER A24-04 T_,0 _Zb,T 1,0090

LIGUID TCS/STC TO OUENCM RUMP AEb*O2tO3 3S_,0 S|_,T |,0000

TRANSPORT AIR TO FILTER 45T*0_ t?,O |4_B |*0

RECYCLE SiC PURGE STREAM FRO_ 4|ADO6 _A3,O _E*? |*0000

A|R TO RECYCLE HYDROOEN HEATER 429"0B Tt*O _4,T O*o

ATMOS* vENT FROH RECYCLE HEATER 6_9*08 IB00.0 |AeO I*g

AIR TO RECYCLE STC _EATER REED06 7B,O I_,T |*0

ATHOS. VENT FROM RECYCLE STC _tR* AZ9-O_ |OOO.O ' IS*O 0*0

ATMOSPHERIC VE_T FRO_ 429*06*08 |000*0 IS,O 0,0

STC BOTTOMS RROD, TO STORAD[ TANK 6_|-|_ El8,0 SS,O |,lOg0

435"02 STRIPPER BOTTOMS PqODUCT. _4g*O 94.6 _*0000

432"02 STRP* 8TMS, VAT* FROM REB* 634e0_ _AA*O _SiO 0*0

432"02 OVHD PRODUCT |40*0 90*4 _*0

43_'0_ Co_OEMS_D OVHO PROOUCT --25.0 SSO4 |*0000

t3E*OE STRIPPER REFLUX -EI,O 9S,0 |,0gOD

432-02 STRIP, 8TMS* TO TCSIST¢ COLUMN E_A,O 9S,O |*OOOO

A32"04 BOTTOMS PRODUCT _A.O SA,8 |*0000

• 32"0A BTRS, VAPOR rRON REBOILER 63A*06 218.0 SS*O 0,0

432o04 OvHD PRODUCT |$9.0. SO,_ 8*8

TOTAL A32-04 CONDENSED OViD PRODUCT |S_,A AOo_ 1,0000

PRESSURIZED 432-02 PRODUCT |SE,_ 320o0 |,0000

43_o06 TCS/STC PROOUCT TO A32"OA |SB,O 86,0 |*OORO

_32-04 REFLUX |5Z,_ SSoO 1,0000

TCS FE(O TO OCS/TCS COLUMN A3_'g6 IB_,A 3_0.0 _*0000

COOLED TCS FEED TO REOIS, REACTOR 43_'0_ |S|*O 65_0 |_9000

COOLED TCS BOTTOMS FROK a3A=|_ ]SI,O BB*O |*0000

A3E-O6 80TTOMS r_OOuCT 3ET,o 319,9 1,0000
432"06 BOTTOMS VAPOR FROM REBOILER 3EToS 3EOoO O*O

• 32-06 OVHO PRODUCT _51,3 $|5.1 0,0

435"06 REFLUX _AOeB _3_0*0 |*0000

432-06 CONDENSED OVHD PRODUCT Z49,8 316,0 1,00OO

PRESSURIZED A32-0_ OVHD PRODUCT 269,8 BSO,O _,0000

COOLED OCS FEED TO REACTORtSB-OA 12_,0 S_*O l,O000

_CSISI_A PRODUCT TO COkURH k$z'gs _2|,0 541,0 1*0|00

A3E*OB BOTTOMS RECYCLE EBT*O 3BO*O l,O000

43_'0S BOTTOMS VAPOR _6T.O 360*0 1*0000
TOTAL PROD, SILAN[ FROM CONO, 434-1D *_S,? "3B6,0" O*O

432*OB VAPOR OVHO TO CONOENSER "EB,T 3SS*l O*O

klO. SIMA TO LIO, STOR, A31-OA*O6*gB*18 *2B,T 3SA,I 1,0000

A32-08 REFLUX *_S,T 360,0 1,0000

VAPORIZED S|H4 TO SUPERHEATER A3N*22 °2S*? 3?Re| 0*0

SUPERHEATED SIH4 TO FILTER _37"02.03 IZ_,O 31_,1 0.0

FILTERED SUPERHTD* SIH4 TO SECT|ON 3 1_*0 60,0 0,0

43E'06 TOTAL BOTTOMS PRODUCT 3ET*S 3Z0*0 |*0090

TCS RECYCLE FROM 43_-5_ TO SIC REC, STR* 5S_,0 8_,0 |,0000

432*0A BOTTOMS PROUUCT 218,0 BS*O 1,0000

43Z°OB BOTTOMS PRODUCT 2_t*O 360.0 |*O00S

43ZoOB PUROE SILANE TO A32"02 *_.T 3S4,1 I*O

43_'0B BOTTOMS TO REBD[LER _34°20 EO?,O 360*0 |_0000

43E*OB BOTTOMS VAPOR TO 432"08 _tT*O 3B0.0 0.0

THROT, SIMA FEED TO PYROL* REACT* AA5"02 ?T,O 25,0 O*O

SI POwOER A N2 TO HOPPER 44|*0_ IS_*O 20*0 0,0

SI PD_DER TO NELTER 449"OAoO6*OB IIEO,O 20*0 0,0

TOTAL Sl _ELTEO PRODUCT _00*0 20,0 0,0

TOTAL SECT* 3 SI PONDER LOBS ||E0*0 20*0 0*0

_E F_OM PYROLYSIS REACTOR TO 4A4-02 15b_,0 50,0 0,0

COOLED PYROL, N2 TO COMPRESSOR A_3°OE*OA |00.0 ISoB 0.0

COMPRESSED DEC* H2 TO HTORO_E_AT|ON 30_0 _0.0 0.0

MAnE*UP H_ FROM STORAOE 77*0 _0*0 _*_

ATMDS* VENT FROM ¢OqBus* V(NT HEADER |OO_O 5A*O e,O

CONBUSTIOq AIR _0 BU_NE_ A_9*08 T_*O |A_? 0.0

COMBUSTION AIR TO BURNER ASgmlo Tt*O iA*? 0.0

COMBUSTION QUENCH AIR tO RURNER AS9*IO 77.0 In,? O*O

TOTAL VAPOR FEED TO PRE-MiX BURN* 4_9-10 300.0 |_*0 0.0
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lOT
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A_L

4_4

A36

A37

43"

W3q

ItO

ti_

AAA

4A_

tab

wit

448

t_0

t_L

t_4

LO00

1001

L0O_

LOOt

1005

lO0_

100B

1014 ""

JOLT

IOIR

LO_C

10qq

LtO0

LLOL

IL03

1104

1_05

ILO_

iLO_

1116

lilt

11_0

ll_

1_00

l_oJ

I_OA

12qq

lJQq

IAoO

1.01

1102

llOA

Li06

1_00

lbOL

lSqN

I_O0

I_OL

1700

)701

IYo?

ITS9

I_00
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INT, NO,
WoW*o,Die*

_,i

SA

9O

_L

VA

9#

9O

106

10)

LOq

111

113

LAw

If6

I17

lID

123
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12N
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I*0
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?2
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17A

I?_
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L_?
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L)l',(l>liill.l_ lltl
****l*gt*_o_))****l*_o)*oolOOOlOl**OOi! **|***

('O_I)UST|ON QlitNI;)l AI'# T_ IIORNt_ 4_'0_ /T,O

LI_}I_' " _!_Tl¸ )Wil_ _ATC_ IAN_ 4')1*Oh 3_0,0

Cll)_iAIl%l|O_ gl)lNC)_ AIr 10 14U_NI_ 45q-|A 77,0

('O_t_O_TIO_ ALII I0 ItO.._Fi( 44q'lA TT,O

Al_l_P'_lllll_ ¸ VtNI )l(_lN TkN_ t_1"06 3_0,0

FLOI _iA5 _HON O_iRN_R"I_qo|A AO0,O

_t. UP. _A_ FROR (IOI_qtR 4_q-Ofl B00)O

ATNO:I, AIR VlNt FROW AuOIdN. Abq*16 _0,0

CO0_IO _L_IL ill!) _I_, _0 l'ILlL_ _5?*00 300,0

TOTAL. tkilL l;A_ TO IIIIiLO_I_A_O_ i_9*l_ 800*0

lit5 VLNT )lipu CrCLO_ i_ll-O_ _OO,O

I|LIL_IO ILtIL I,A% TO IILII_ 557-08 300,0

5ILIC_ t'_OH rlL. TIR _7-06 100,0

TOTAL _ILI{A fliOl IILTfR_ _?-OhiO0 10010

SILICA #RO_ FI_T_I _,_T-O. L00,0

_ILICA TO DUST II|N 4hi-OR 800,0

SILICA TO D_d_ PAC_FN 4_-04 100,0

RICTCLL TO _ILLCA VENTUR| iSg-Og 105eO

5LU_IIY 70 _ILICA NtUTnALIZ_R l_i-iO 105e0

RLC_CLI _0 _D_ PU_P ASO*OAiOT 105,0

MAkL'UP Ik_ AND 4_q'0_ _OITO_S 105*0

_0170_$ FRO_ Vi_IURI _-01 _ObiO

_CL VAliOt_ I0 IURIATIC SCIU_OER 9Dq-04 105,0

_LitlATIC SCRLiII_[R i_q-04 EIFLUENI _$5.0

_TH_N_ _tI_IA_]C _CI[ I P_ODOCT iOb*O

_U_LATLC A_LO I_OM 71NK 451"05 105,0

lilt _UIIAIIC _ClD TO llNI _l'l_ LOS,o

5THONJ _tI_I^IIC ICLD TO SCRuOSLI i_q-o0 105.0

_[AK _U_IATIC ACI_ TO PU_ 4_h'O_ lO_lO

STHON_ uU_l, ACID _ECY, TO COOLEH 454-0_ 105,0

TOTAL _URI, ACI_ R_CYCL_/P_OOOCT 10_,0

_['AK ACLO SOLUTION ?0 POM_ lb6-0A 105*0

_VFLU_NT F_ON SCRLI_R 454"00 10_*0'

_URIATIC ACIP P_O_UC? TO TAN& *51oI6 105,0

A7_35. V[_T _OM _LOl[q .53-0A)05 105.0

HCL LADEN Ol_ TO TAILING COLUqN AS_*O_ 105,0

5T_I_OEO OAS )_0_ TAI_I_O COLONq A52-02 105.0

_EA_ _LIRIATIC AC|O rROq TANK ASI*I w 105,0

_U_IATLC ACID P_OOUCT 77,0

F|_E TO 5]kICA _dlqALI_ 451"10 77,0

_A_TE _D_L TO DI_O%A_ 77,0

FLUE OAS TO _ILICA Vl_luli 459o07 300,0

VA_0R CLA_H*JI> _IIO_ TAN_ 4%1-04 _SOeO

VAPOR FLA%H-OFF _0_ T_K 45L-_6 3_0,0

C_OLIN_ _It_ TO 51t" COOL_ 43**24 _.0

CO0_IN_ IAI_R TO JUlNC_ CO_O, 4_*-02 _b,0

COOLI_; wATE_ TO CONOE_q i3A-0O 85,0

CoOLL_o WAT_ TO COOLLR A3A*L_ 85,0

COOLINO wAt_q TO CONDENSfR 434"1_ _*0

COOLINO wATER TO COOL_ 434-I6 85,0

COOLING WATER TO M_LTER AAq-OI*06iO_ 05,0
CO0_, _AT_ TO _AqE_UP TO V_NTURL 45N-0_ B_,O

COOL* _Te, r_ P_O* _ECT, COHP A*_*O2*OA 85,0

COOL, wAT[_ TO _ECY* H2 cOOLiq IA_'0_ _5,0

COOk* vTR. TO _tI_IATIC ACID COOL* i_l-02 85,0

ClADs, _lq* TO MA_E-I;P TO SCRUB* 4_06 8_,0

CO0_* WT_* TO PROp, POW,STO_* HOP AAI-02 _5,0
COOLINO _AT_R _FAO_ 85,0

COOLING wATF_ _ET, rRO_ ST_ C00_* 43A-24 100,0

CO0_IN_ WAT_q _EI, _0_ 51C COOLE_ 100,0

COOLLNO uAT[_ _LTi F_O_ CONO* _3A*08 100,0

COOLIN_ _ATt_ _E1. rRO_ COOLIR 431-1_ 100,0

CDOLIN_ _ATLn RCT. rno_ CONO) 43A-li 100._

COOLI_ _AIEq _l, I_O_ COOL[R 434"Lh |00,0

CO0_* wA_CR RET, _0_ _tlkl. _Aq'OiiObiOfi 100.0

COOL* wATE_ FROM O)IOL, C0_O* 413*0_t04 |OO,q

C_OL( WATER YRON _FC¥* N_ COOL_ lli-0_ |DO)@

COOk* gATER )_O_ RURA, ACL0 COO_, A_i-O_ |O0,O

COOL* wATE_ _RO_ _00, HO_E_ 4AI*O_ |00,0

COOLINO wATER RETLI_N H_AO[_ 100,0

NATORAL OA$ TO _[CT* HEATER A29"00 75,0

_ATLI_AL GAS TO _A_IL _dRN_q W_9*IO _,0

NATUI#AL _;A5 ID wAqTF I.I_* IIOR_L_ ASq-IA ?blO

NATOllAL GAS _A:%_ ?_10

PLANT AIR )_FA:_q 75,0

P_F55, q/ TO _,0. _ILICON HOPPER I_1"0# f/.O

N_ PAD 01¢ %TC _TOqt_)_ TAN_ I,'LeL_ ITI0

P_55, N_ _0 wAST_ TAN_ i_l*O_ ?TIO

N? _AO ON t'_,lOf %1C TAN_ i_l-lO ?T,O

N? _TAIIM f_ Ik%T_ I1LI_NF_ 4_-0_ _T,O

N? PA_ TO %OROI" TkN_ i_-04 ?T,O

N2 PIt'OF TO CATCH TANK 451*0_ ?_t0

_llq_t N Hi AOt I¢ ?I!0

A_,ON tO _ILI_'ON ,qil_Eq IAI-O_ T/lO

_, II_LN[ TO _T04, 431-o4*00,0_tL_ *_,0

REF, R_I%[ I' +,_OFN%_ I_4-1R *lO,O

H,II_f _ET* ' .... _,% 411*OA*Oh*OI*IO -JO,O

_)tiN[ _IT, " , _'..', *It*l_ -J0.0

labial ll_l, . '', t '%)* tit-0, ) *JOiO

CU_I) _A) I '; : )I_ f,1 liP* 12i-04 _0*0

PiI'%IA
I.*ell

lii7

hlil

I*,T

L_,?

lA,i

14,3

Lb,O

IA,O

14,7

Ii,?

IA.?

16,7

IIeT

l_,O

l_,O

l?,O

1_,_

17.0

14.T

12.0

1210

12,0

59,0

11,7

LI,T

IA.7

li,O

li,l

11,0

ll,t

59,0

IA,?

11,7

14,7

13,6

L5,0

5W,7

61,T

T_,O

75.0

T5.0

?_,0

75,0

75,0

7_.0

75,0

7_,0

T5.0

?5,0

7_,0

75,0

65,0

6fi,0

_5,0

55,0

55,0

6_,0

65,0

15,0

_5,0

65,0

15,0

1_.0

15,0

YA,?

160.0

I_0.0

]60_0

160.0

|60,0

1_0,0

lb0,0

|bD,O

160,0

1_0,0

I_0,0

?A,?

?A,#

TA*#

?A,T

hA,?

64,_

LIQ,E_,
lllllll

).0000

1.0000

0.0

0,0

0.0

0.0

0,0

0,0

0,0

O,O

D.O

0,0

0.0

0.0

0.0

O,O

0o0

0.0

1,0000

1.0000

1,001_

l,O000

l,O00g

0,_

0,5000

1.0000

1.0000

1.0000

0o0

1,00Q0

1o0000

1,0000

1.0000

1,0000

1.0000

O.O

0o0

0.0

1.0000

1,0000

0,0

1,0000

1,0000'

0o0

0o0

O,O

OoO

1,0000

1,00_0

1,0000

1,0000

1.0000

1,0000

1,0000
1,0000

1,0000

l,O000

l,O000

1,0000

1,0000

1,0000

l,O000

1,0000

I,O000

1,0000

|,0000
1.0010

1,0000

l,O000

Lo0000

|,00Q0

1,0000

1,0000

0o0

O,O

0,0

OoO

0o0

ODD

0,0

0,0

0,0

ODD
0o0

0,0

O,O

O.O

OoO

O.O

L,0000

1,0000

1,0000

1,0000

1.0000

1,0000

I,O000

|,0000

1,0000
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i000 _fI'/YR CO_IMI_!RCIAL PLANT

STREAM SUMMARY (ISSUE I)

5T_[;_ NO

oeo_Jelou

lqO|
1_02
1_03
1_04

1_05
IBq9
1#00
190_
1902
1q03

|905
19q9
2000

200].

2002

2003
200_
2099

2].00
2_9
2200

22Q9
Z300

_399
2.00
2_01
2.02
2603
_0.

2_05
24_9

2_00
_50L
2_02
_599

2600

260!
_603'

269q

%NT, NO,
oolo_oooeo

........... 213

],60
Zt_

21"/
218
2IS
_Z0
22_

222
_23

225

IB0
ZZG
].q0

_30

].92
23].
232
233

23*
235
_3_
193
237

239
_0

].S5

DESCRIPTION T,F,

COLD HEAT TRANSFER O|_ TO REBO, A34-0& 320,0

COLO HEAT TRANSFER 0%L TO REB0+ A34-06 320,0
COLD HEAT TRANSFER-OIL TO REBO, A3_-|O 320,0

COLD HEAT TRANSFER OIL TO REBO, A3A-20 3_0,0
COLD HEAT TRANS_ O|L TO S_H_ SU_, 434-|2 320,0
COLD HEAT TRANSFER O_L HEA n_ 320+0

HEAT TRANS+ OIL RET_ FROM VAP, _24"04 2B_,O
HEAT TRAMS, OIL RET, FROM REB, 434-04 286,0
HEAT TRANS, OIL RET, FROM REB, A3A'06 25[_0
HEAT TRANS_ OIL RET, FROH REB, 434=_0 365,0
HEAT TRAMS, OZL RET, FROM REB, 43_=20 308,0
HEAT TRAMS, OZL FROM $ZH4 SUP_ A36_22 _20aO
HEAT TRANSFER O|L RETURN HEADER 3_0,0

HEAT TRANSa OIL TO VAPORt A24-04 A97,0
HEAT TRANSt O_L TO RESO_LER 634-04 Ag?,O
HEAT TRANSo OIL TO REBO|LER 434-06 697,0

HEAT TRANS, OIL TO REBO_LER 43_'10 _9T,O
HEAT TRANS, OIL TO RESO_LER 434"20 49T,0
HEAT TRANSFER O|L HEADER A97,O
RUPTURE DISK VENTS TO TANK 4_1"06 tO0,O
RUPTURE DISK VENT HEADER _00,0

wASTE STRo TO COH8, VENT FZLTER 557-04 _00,0
COMBUST|BLE VENT HEADER |00,0
NON-COmBUSTIBLE VENTS TO FILTER 5_7-02 _00,0
NON-COHBUSTIBLE VENTS HEADER _00,0

N2 PURGE FROH BLENDER 4_B-OZ _00,0
N2 PURGE FROM M,O, S|E|CON HOP, A2|=02 _OOeO
N2 PURGE FROM TANK 42_-[0 TO WASTE HEADt _00+0
N2 PURGE FROH 4]1-]._ TO WASTE HEADER |O0,0

MELTER PURGE TO WASTE HEADER %00+0
wASTE STR, TO PRE-MIX BURNER 4sg-_o |OO,O
PRE-M_X BURNER HEADER _00,0
NOZZLE NZX _ASTE STR, TO SURNER 4S9-0B _00_0
CONDEN. REC, 431-02 VENT TO wASTE HEADER -2_,0
H2 RECYCLE PURGE _00,0
NOZZLE NZX BURNER HEADER [00,0

WASTE CHLOR|DES TO CONOEN, vENTS HEADER _00,0
F[LTE_ED SLUDGE FROM STCITCS TANK 421-10 IOO,O
CONDENSED VENTS TO SURGE TANK 451-04 tO0_O
CONDENSED VENTS HEADER 100,0

PpPS%A

30.0
30,0
30,0

30,0
3_,0
30,0

20,0
_O.O

20,0
20,0
20,0
20,0

_O.O
30.0
30.0
30,0

30.0
30.0

30,0
20.0
20.0

20,0
20,0
20,0

20,0
20,0
20,0
20,Q
20,0

20,0
20,0
20,0
_0,0

90,O
5_0,7

20,0

70,0
TO,O
70,_

LIO,FR,

l,OOO0

_,0000
1,0000
_,0000

_,0000
1,0000
_,0000

1,0000
1,0000
l,OOOO
1,0000
;,0000

1,0000
1,0000
1,0000
l,O000

_,0000
1.OOO0

1,0000
0,0
O,O

0,0
0,0
0,0
0,0

0,0
0,0
0,0
0,0

0,0
0.0
0,0
0,0

0,0
0,0
0.0

1,0000
;,OOOO
1,0000

l,OOO0
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TA_I,E C-If: I000 MT/YI_ (:O_llql!RCIAl, PI,ANT
STRFAM CATAI,O(; (]SSIII! l)

_I_I A'_ ',d'_,h o I_0 101 I(I? 10,* I0 _, I0_ I07 I0_

o_, ",.i,_l , Psla 16,00 lb.00 /0,00 _,| !_. T0 glh.?0 14.70 "_il {__ _t) _,| w. I_

ll,ap, ,_,tl,d,_l , r_[t_ r 7'%00 7_,00 _/h,00 |%0,01 - I%0,01 I_..00 q_?,00 _3_,00

I IO"I'3 _ a_i'_l'_, _,0 _,0 I,(_000 0,0 0,0 0,0 , 0.0 0,0

_,O',,AI _, v ?hC ,,4I,J.'.,_ 0,3 0,(I 0.0 0.'J 0,0 0.0 0,0 0.0

-£^t _ rc_',*ll04 _'.( ,,to/,,._ 0,0 0,0 0.0 0,0 0,0 0,0 0;0 0,0

.,! _T , -.t - ,,?,_ * ,._ .._h_.'-_ 0.0 0.0 0.0 O.C, 0.0 0.0 0.0 0.0

,_ _1 : ,wl - _?_ , ,r ,ah_q 4-_ 0,0 O,O 0,0 0,0 0,0 Q,O 0,0 0,0

_I_L c.'%1_, f41,_._o, ,_t'_/-,_ 0,0 0,0 0,0 0.0 0,0 0.0 0.0 0,0

(:'_,'d_,l I ION, Lll**4rl/_

-_0.: ,_ _0_ ,0 ,0 ,0 ,2_hl _B, )_ ,O PII,_" lff?, r_

• _ 1 'F ,.h_.,_ pd _H, ,'_| 15%,_ *0 *0 *0 ,0 1%_,/_ *lqqO *_qO

I a._r..)N J'i,'_ _, I ,_lq_ ,0 ,0 .0 *0 1 ,,_._ .0 ,0

0 x Y:',F'_ "12.00 41,_q .0 ,0 ,0 .0 _ I ,t.-_ ,0 .0

_, C._m_', _2_,.,U_, Z_.,OI ,0 ,0 ,0 ,0 ,0 ,0 *0 ,O

• , ¢_'.o_ OlOxtOr ',-,01 ,_v_IE-01 .0 ,0 ,0 .0 ._q_l_.-01 ,0 *0

? - _ r .,':..'F 1 _. 0,w .0 .0 .0 .0 ,0 .0 .0 .0

HVOmL;F N ('Hi0_I OF 3h.')_ ,0 ,0 *0 ,0 .n ,0 .50B'¢E-O_ ,T_,t _[-07

") gll aNF 32,|_ *0 *0 ,0 *0 .0 ,0 ,hSFI_E-O_I ,Rk._l_''O '1

It oIr'LO°OBIC INE I01.01 ,0 *0 .0 ,0 *0 .0 .2_37 1,_,71

I_ I'_I C_L')POq IL ANI_ 135,L,_ ,0 ,0 *0 .0 .0 .0 l_,gb bT*e_?

1.1 SILICO',F tEi'ra=C'LO_aln F I_q,q0 ,0 ,0 1.?,,| ,0 ,0 ,0 211.6 17_,1

1'. C_t n_ I'_F 70,91 ,0 ,0 ,0 ,0 *0 ,0 *0 *0

I =, s_T_q/_T[&M IFI.O_ ],lhO .0 .0 *0 ,0 1,160 *0 ,0

I_ qlL ICn'_ Z_,O9 13*l_ ,0 *0 ,0 *0 *0 13*lS I.I_R

I? C_=_l_'" _lOxlr_E n1,_I_ ,0 ,0 ,0 ,0 ,0 ,O ,0 ,0

lq _ANC, A_Fr_ 31OXIDE _l_,_. ,0 .0 *0 ,O *O *0 ,0 ,0

'lq CILC|_ :_' o.0 * O_ ,0 ,0 ,0 *0 *0 *0 *0 *0

2(_ _uu-I_lu_ OtlOE lOI.C/_ *0 ,0 *0 *0 .0 ,0 .0 *0

)I l _,O'_ _ o_'_ ,0 ,0 ,0 *0 ,0 ,0 *0 ,0

?) t F _") _O?,lq .0 .0 .0 *0 .0 .0 *0 .O

?_ rliaNlt.u ';.loXlOE _'.i;qO .O .0 .0 .0 .0 ;0 *0 .0

_4 _ I C_i'L ;_,?I ,0 .0 ,0 ,0 ,0 .0 ,0 ,0

?ci C_oPE,_ e. 3. "r%'* *0 .112_ *0 .0 ,0 *0 *0 ,0

2?" P'_nc.P_O_TUt_ _E4T")zlnE 1_,1.'¢._ ,0 .0 .0 ,0 ,0 ,0 *0 ,0

.,? V_NAOI,,. o£,_rolln_ IBl.q_ ,0 .0 .0 .0 .0 .0 .0 .O

?q /I_CONI'" OIOXI_E |2_,>2 ,0 ,0 ,0 .0 *0 ,0 ,0 ,0

;?q C Sw_n'_ 12,01 ,0 ,0 .0 .0 ,0 .0 ,0 .0

3n q)n,_,_ .)_IOE .'._._._ ._ .0 .0 .0 .0 .0 *0 *0

31 An'_F%IC PENTOXlOE P?q*'_- .0 .0 *0 *0 *0 ;0 *0 *0

]t_ I._N KULFATF l_l._l *0 ,0 *0 .O *0 *0 ,0 ,0

'11 C *._n,.,_ )xlDE ')'*.%- .0 .0 ,0 .9 ,0 ,0 ,0 .O

x.,,,"(.".¢.'..[":.I_W, Oxt'3t: _O.II .O ,0 .0 ,0 *0 .0 ,0 ,0

"_t_p_qqp.4OWUt_ [RICWL._WI_F_ 111. 13 *0 +0 ,0 ,0 ,0 ,0 ,0 *0

1_, ._OODN lWlC_t.Ol_l'W. Ill,1? ,0 ,0 *0 ,0 ,0 .0 .0 *0

"_q CM¢I .. C.k0wlnE |10oq_ iO .0 .0 .0 .0 .0 .0 *0

_0 _tLl'Wl_a'," C'(LOQ|:]Z IT13,3_ ,0 .0 *O .0 .0 ,0 .0 ,0

-I r' _:_ IC C_L ,_°I_ I*,?.P I ,0 .0 *0 .0 *0 *0 .0 .0 _

op LV_ '', "_'CHLOt_IO_" 27_.I0 .0 .0 .0 ,O .0 .0 ,0 .0

•,_ T|?,_,'_l '." IF_;.aC-4LO_I,"E )_'#._l *_ *0 *0 .......... *0 *0 .0 .0 .0

_ '_I¢'EL C_',.-')'alr'F l,")._? ,(' .0 ,0 .0 *0 .0 *0 *0

_', c _o_IC C_,t.d_lnr 13_.,.5 .0 .0 ,0 .0 ,0 ,0 .0 ,ll?q

_ llO_',_It,w TKTRIC_L(iPIOE Z3J*03 *0 *0 ,0 *0 *0 *0 *0 .0

._ V,',_lL'h ,_ DIC.Ln'_IDE 12l.'_ r_ .0 *0 *0 *0 *0 *0 .0 ,0

,,-¢ _qrLIc_ O|('"LO_IOE IOZ.w7 *0 *0 ,0 *0 .0 *0 *0 *0

90 ,_n_o:.rN qULrlnE .Iw.0R *0 *0 *0 *0 *0 *0 ,0 ,0

ql 01 ".'3,"_t,':F _7*h7 .0 ,0 ,0 .0 ,0 ,0 ,0 ,0

9? P_n_.o_ I'_F "1_*. 00 ,0 ,0 .0 .0 ,0 ,0 ,0 ,0

_3 _ '_M "1_ 7/,_ ,0 .0 .0 ,0 *O ,0 ,0 ,0

_.,, C,.*_O'Wl,'" _.qR0xt'_E _.0l .O .0 ,0 .0 .0 ,0 ,0 .0

_ w_,N;,_'_I'_,[" _ITL)WOXlOF R_I,VS ,0 ,0 *0 *0 *0 *0 *0 ,0

4a CAL. C[:_ -vO_OtlOE ?-.0q .0 ,0 ,0 .0 ,0 ,0 .0 .0
_,7 AI_INI ,u HYI_O_]_._ ?_,OO *0 *0 *0 ,0 ,0 .0 .0 ,0

_,o LF_,_ _vqm:,xlO r ?_|*?0 ,0 *0 ,0 ,0 ,0 *0 *0 ,0

_0 NICKEL -vO_Ox|Og q2.t; *0 *0 *0 *0 *0 .0 *0 .0

F_I _''Pt}E_ _vnm)xlnE q?,_, ,0 ,0 ,0 .0 ,0 ,0 ,0 .0

_? ?lOCO_l_ ,_ "()D_OXl _E _1_o,;_":, ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0

_'_ L[ _r tC_O_ t-_.O'l .0 ,0 _0 ,0 *0 *0 *0 .0

#,;4 qlt.|Ci)% OIOIIOF hO*Oq *0 *0 .0 *0 *0 *0 .0 *0

,.,_4 qll _t_._r lO_.l',' .0 ,0 ,0 ,0 ,0 _0 ,0 .0

_a _,l'_'rL _ILJ4E ("_,*1 _ *0 .0 *0 *0 *0 *0 ,0 ,0

.'.) _._rT_L c. lth%t _0.} ? *0 *0 *0 .0 *0 *0 *0 ,0

• ,q w' T"_ :. t _ I r _l o_n _, I L .'t_ll" I%0..,_ .0 .0 *0 *0 *0 .0 *0 .0

?0 (3IwFT_YL 31C-10t_O_lLa_!._ I_ ),0_ *0 *0 ,0 ,0 *0 *0 ,0 ,0

ELFWE_I _L C Owl*nS I 't | fl'-_. L_-_NI-_

71 CA_tlON ( C I [2*hl *_'_"l I''0 I *0 I0 I0 .,0 .'4',)_1 £- 01 ,0 .0

_': ,r'_c_O".f h ('_) |,01 h,314 ,0 *0 .57_. _ _h,f_ h,]lq O_0,6 4_0,6

}'I NITvO('.,_N I ';I I-o01 310.? *0 .0 .0 *0 310.? ,3_'8| ..1_i_1

_ _It IC,:', (qlt i'_.O _ tl,l_ ,n I.;"*| .0 *0 ,0 ?L,l*q 2"_!.9

_'_ C'I opr'_ (Ct) 3'_*_% *0 .0 t_,_., .0 .0 *0 _lqT,h 8q?*q

?? ._'; C. _% (8_t "1'**')% | ,'l_k *0 *0 *0 *0 I)q_ ,0 *0

t._ p_n.)>_*m.t; ( o) I0,0_ *0 *0 ,0 *0 *0 *0 .0 ,0

an C.Ol't '_ le6'_ ¢._00 *0 *0 *0 *0 .0 *0 .0 *0

J} _,_): _.a %,s_V Imp) r'** a_ ,0 *0 *0 *0 *0 *0 *0 ,0

a, Cat.?! ," (r_) _0,0R ,0 ,0 .0 ,0 ,0 ,0 ,0 ,0

•_I ._: '," I'*_,, _ t_l. ) ,;,,..o q ,0 .0 ,0 ,0 ,0 .(_ *0 ,_

4W I4._N irr} %%,4% ,0 .0 ,0 ,0 )0 *0 *0 )0

o_ Lr_ (_,_) ?nt, t,_ .0 ,0 .0 .0 *0 .0 ,0 ,0

,.t_ ;Ita_l_" I)I_ wT,_0 ,0 ,0 .0 ,0 ,0 ,0 ,0 ,0

4? %11('' F .. ('_II "'%}'I *¢ *0 *0 ,0 .0 .0 *0 .(I

4q I" IPP_ o (r,) _ j. ,,.v, *0 *|I, '_ ,0 ,0 *0 *0 *0 *_ 12')

_ Va%a,>|t ,,t I ¥_ %0,1_ *0 *0 ,g ,0 *0 ,0 *0 )q

),'_ ? loCO'I I',*' ()'_ '_ I ..'/ ,C *0 .0 .0 .0 .0 .0 .0

t) I '_ e[ i_t:d ( _) _l,t*O _ *0 *0 *0 *[_ *0 *0 $0 *0

;= A_q) ".IC 18_,) ?,. '#t_ ,0 .0 ,0 ,0 .0 *0 *0 ,0

91 _,_ ,'d ', |i,_ two, _ ,_* • _I *0 ,0 on *0 *,Oe )0 ,0
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TABI,EC-If:
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1000 MT/YR COMMERCIAL PLANT
STREAM CATALOG (ISSUE I)

_,TO[ ^_ N*m,tF._ 1O'P |10 |1| |12 ||3 IH, 116 ll_

I E_,,_*_ T._F, nrG _ 170.00 37"_. 0 | 3_o00 ]56,00 3q6, O0 _00,00 lOO,O0 |00,00

LI )t!lC_ F_At'TI_N |.OOO0 0,5000 I,O000 IoDOO0 OtO 0,5000 l,OOO0 |,OflO0

ENTH_40V _, ST(_.:._ _f.t_._TU/.'_ 0.0 0,0 OtO 0,0 0,0 Or0 0,O O*O

[NTHAIPY ql .}_C ,_T(J/._'_ 0.0 0.0 0,0 0,0 0t0 0,0 0*0 0,0

_E_r nr rO_ATION O?_C,.TU/,_ 0.0 0,0 0.0 0,0 0,0 0,0 0,0 0,0

,_qT = _T * ,?b * ,_r ."TU/-*_ 0.0 0,0 0.0 0,0 0,0 g,0 0,0 0,0

Htn_ : M*_T * _pc. * .¢¢ ."TU/Ut-N_O 0.0 0,0 0.0 0,0 0,0 0,0 0e0 0,0

TOTAL. %OL [_ ENI'_ALPT *I_TU/'_ 0.0 0.0 0,0 0.0 0.0 0*0 0,0 0,0

_V_W_(',_ w,_t.ECdt. A;_ _EIGHT |_4,_*';')0 10",,_398 108,_0P. 10q*B_6 11(},4846 117,894(} 157,6(}q_ l_7,6hgS
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NITO_SFN _,0|
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C_ON DIOXIDE _*01
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_1 FErrIC CMLDRlnE 1_2._1

w_ LEa_ 3ICMLO_IOF _74,10
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_S M6NOANECE _¢O_I_E RO._
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5_ loO_ _YDgOXlDE 8q,8_

_ LE6D _TOWOxIOE _1.20

_0 NICKEL _tDPOXI_E q_,7_

el CO=mE_ MrO_OXIOE _7,55

62 Zl_CO_IIIW _vO_0Xl3E 1_q.25

63 LI_E lOgO} _b.08

_ _[LIC3N DIOXIDE _0,0_
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_R M(I_VLDICMLOWO_ILANE 115.0_
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_P C_LCIU_ t£a) _0,08

_) ALUWI'I_ (ALl P_.TP

_q LEa_ IP_) _07.19

_6 TIT6NIU _ (Ill _?.)g

A? NIC(EL (Nil _*?l
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qq t|_CQ_I_ q (?_l ql,_P
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1_ _4Nr_r_E OtCHt.0otnF I?,._- ,n ,0 .0 ,0 ,0 ,0 ,O ,0

"+q Ce_tCt.J" C'%q_tv'E t_O._+ ,_ .0 .0 .O ,t', ,0 ,0 ,0

_0 ALt/WINH'w CHL0_"[_E I'_)*!'* *0 .0 .0 *0 .0 *0 *0 *0

'_l F'_Q; ] C CHI OR [ f_._. l _._+ . _ | ,0 ,0 ,0 ,0 ,0 *0 ,0 10

+;? LF...+O 9ICHI. 0+IF, p 2h<,t _ ,0 .0 *0 *0 *0 ,0 *0 ,0

_3 Tlta'wlu+'* TETr_aC'I.'_I'_E 1_+,_1 ,0 .0 *0 .0 .0 *0 .0 .0

.wt.,_tC,KEL CHLC)Q|t)E t+l.+-_ .,) .0 .q ,0 ,O ,0 ,0 ,0

_5 CtlP_lC CML0PII+jC )1_,.,*% .C. .O .0 .0 .0 .0 .0 *0

+*A ZI¢C0'IIU m T_'Iqa_'.<I_++InE 23+1.t '_ *0 .O ,0 ,0 *0 *0 *0 *0

++,7 VA",+API,'' DlCml.'_+t ,_+-` 1?1. ''+, .0 ,0 ,0 .0 *0 ,0 ,0 .0

+'_ 'waO'qE_l'iu (:HLO_IP.E '_,?P ,0 ,0 ,0 ,0 *0 *0 *0 ,0

_ _'stl rU_ O|CHtOalr'r '+0,+* _7 *0 ,0 *0 *0 ,0 *0 *0 ,0

_0 H_'r+:+O",E_, '-;ULFI_E" 3_.'_.' *0 .O ,0 ,0 ,0 ,0 *0 ,0

51 OlnOOa _F 77,_7 .O .0 *0 ,0 *O ,0 ,0 ,0

5P P"+"_mP_I%E "t'.00 .0 *0 *0 *0 ,0 *0 " *0 *v

53 A++_ I N_ 77.')% .0 .0 ,0 *0 ,0 *0 .0 .0

'_++ C_uC'_1 ''' "iy3r"+O_ti'+'E" ++_,0'_ .0 *O ,0 *0 ,0 *0 ,0 ,0

55 N=aNC,&4FqE '4_OI_I')F: _'+._'_ ,0 .0 .0 *0 *0 *0 ,0 .0

56 CALCIU m _"wO._r)lTmr 7:.,Oq ,0 *0 *0 .0 *0 *0 ,0 *0

_7 _LU_INUW _YO_()XI_E /g*00 .0 *0 ,0 *0 ,0 ,0 *0 *0

5R II_0_ ,_r.w(_xIDF u.+._.. *0 ,0 ,0 ,0 *0 *0 ,0 *0

%q LE_,D ,_'_D_oxIDE ,_.l*?O *0 .O *0 ,0 ,0 .0 .0 ,0

60 NIC"EL +.,.ownxtr, K 9Z.}'_ *0 ,0 ,0 ,0 ,0 *0 ,0 ,0

f_l COoaF;+ ,+_+0_nXt_F _?.r..._ .0 ,0 ,0 ,0 *0 ,0 ,0 ,0

6z_ Zl._'Cn,l.'"< _vO_oxlr)E |_"J*'_:l .0 .0 10 10 10 10 10 e0
6:1 Llm_" (CaUI ';'_.0 a ,0 ,0 ,0 ,0 ,0 *0 ,0 ,0

_.+. S|L|Cr".N OlO'tlt'.E _O.O _ ,0 .0 ,0 ,0 ,0 ,0 *0 ,0

65 _ H. OX A"ZE I0+,. l,a .0 .0 *0 .0 .0 .0 ,0 ,0

b _ M_'TTW'fL _ILA'q[ '+">,I +* ,0 .0 .0 .0 *0 .0 ,0 *0

67 t_l"ET_YI. _|LANr _0.)I *0 .0 .0 .0 .0 *0 *0 *0

6_ wE T'4YL f}|C'"L oPrj_ II aNE I |_.0,, ,0 .0 .0 .0 .0 *0 .0 .0

_Q W¢_t,WxLTR|¢_<LOaei_tLA,ir |%a... ; ,{) *0 ,0 ,0 *0 ,0 *0 ,0

?0 0 I_F TMYLD t C_,_n_O_ IL A_r |? a.n=. .0 .0 ,0 .0 .0 .0 _0 .0

F'LFTWE NT aL cowraA_l T I0%, t _1-_,)/-_

;'1 Ce.++_o._ ( ¢1 i_.+_l ,0 ,0 ,0 ,0 *0 ,0 ,0 .0

7_ H_rl+)_t'Jt+,_ ", I ,<) L.01 _,5,,,0 ++5,+.0 _.5+,7 8,5_+7 ;?30.B *0 ,85k.7E+-01 8.%4?

71 NIT,_Or.++_.+ I N1 I-.01 .17t0.+'-01 .I?/0_+-01 .0 .0 .4044E*0| .I.;'I_+6Eo01 *0 .0

it. OX+'*t'N t FII lb.09 ,0 *0 *0 ,0 ,0 ,0 *0 *0

t_ Sll IC'_N I_II p w.,++a 71',.6 ?lh*_ ?Oh.3 P06,3 III01. .13.16 _,063 _'0(*.e,

?/_ C_10ulht" " _cl t 3'_.,+m t_l't.? 1_|0.2 RII-,.H HIb. B t*lRq, ,0 B,|6R R01).I_

77 -A ,+_+,O N (4_) Io. ,+'_ *0 ,0 ,0 *0 *0 *0 *0 ,0

7g o-+O_P'_O_US I P) 10, )I .0 ,0 ,0 ,0 *0 ,0 ,0 ,0

?q _3Pe)_+ I q) I0.,I ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0

Mr) C,<P_ It:U Irul _.'* '_q ._ ,0 .0 *0 .0 ,0 ,0 *0

I.II u_Nq&NE_E ("NI c._. a_ ,0 ,0 ,0 ,0 ,0 ,0 *0 ,0

'_/ CAI. CI I '_ (CA) _,0.0_ ,0 *0 ,0 ,0 ,0 *0 ,0 ,0

g3 aLH'*t'+tP 'I (+XL) 2_. a.' *0 ,0 *0 *0 *0 *0 ,0 ,0

I_. lwON IrEI r+G. q' ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0

,4_ Lr/+_ (t_l ?+17.1 _ .0 ,0 .0 ,0 ,0 *0 *0 *(_

_/_ t t'#&NIt'u (T|t _t.aO .0 .0 .0 .0 ,_ .0 ,0 ,0

4_' NIC'PL INII 'Gq. tl .h .0 .0 .0 .0 .0 .0 .0

qR (_e)OOF:_ I_"1} +. I,%.* *0 *0 *0 *0 *0 *0 *0 *0

_q '4ANAl}|- *+ ( J_ '.0.+.. *0 *0 ,0 *0 ,0 *0 ,0 ,0

,+0 ZI_CO'w! ,w <7.,'I _al. '<' ,0 .0 .0 .0 .0 .0 .0 .0

q| _,'lt rtFa ( r"t 17,0 _' .0 ._ .0 ,0 .0 ,0 *0 ,(}

_? A++_+_'+'/1C (_} t... _ ' ._ *0 *0 ,0 *0 *(I *0 ,0

ql MPtr)'+F'q{, -M lu_,_ ++,,. 'l ,3 ,0 *0 ,0 ,0 ,0 ,0 ,0
TqT,'+L +_t O,+ ..'dl.J ..'.+'I.2 70'+'=.I _0'+. I I._11, 13.t? ?.06.1 _0_,_
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TABLE C-If:

(conttnucd)
1000 H'r/YR COHMERCIAL PLANT
S'FREAH CATALOG (ISSUE 1)

_f _,t_F, o¢1 ! A q,_,. 6,0 q'_, QQ O0,40 _q _c*O q'5,, O0 q5, QO 54, _0 _B, O0

T_',,Pf_t TLl_f, _F6 _' _'hO,OI _44,00 I_*0,00 -?0,,)0 -_O,qq _4_,,00 _14,00 ;_| 1.99

LI'_'Sl r' Fa^CTIO'_ I,O0'JO 0,0 0,0 !.0000 I,O000 1.0000 _,0000 0,0

,__T.At._v ._ _TRF. Aw IF_,'_TU/"*_ D,O O,O _,0 (_,0 0.0 0,0 0,0 0,0

E_THA,,.OY 4t _C ,_t,J/N_ Ot.O 0,0 0_0 0,0 0,0 0.0 0,,0 O.O

,E*? or FO_ATION .I?_C,_Iu/_ 0,0 0,0 0.0 0,0 O,O 0,0 0,0 0,0.

MTO? , HIT * ,H_ * ,',F ,,_T,,,'/,,_ 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0.0

.IX0? = Hat - _;_5 * _iF ,P.IU/Ld-_tt_ 0,0 0.0 0*0 0,0 0,0 0.0 0,0 0*0

T_TAL _OL|('_S _,NTP_AL_ ill_l'lj/_ri4 0° 0 OtO 0*0 0.0 0.0 0,0 0,0 0*0

AVERAG_ _O(.FCUt.J|_ weight 15fl,65_*l IB4,9733 _7,?_90 8?,7"_0 109,3012 i61,0097. 167,30/,4 16f_.9736

| H_O_O_FN _*0_' _0 .0 4,580 _.5_0 *_?6_E'OI .0 *0 tO

N|T_OGFN _8.01 *0 .0 ,Sqh3E-O_ ,8_h3[-0_ *ll3hE'03 *0 .0 *0

A_nO_ 3_,95 ,0 .0 .O ,0 ,O ,0 ,0 ,0

Oz_¢_ 3Zo00 o0 ,0 ,0 ,0 *0 .0 ,0 ,0

5 CAp'qO_ MO_O_10[ 2_,01 ,0 ,0 .0 ,0 *0 ,0 *0 *0

8 CA_O_ OIOXlOE _4,01 o0 .0 .0 ,0 *0 ,0 ,0 ,0

7 _ET_f lfi*0_ " ,0 ,0 ,0 ,0 .0 ,0 *0 ,0

R HydrOGeN ¢HLOR|_ 36._b .0 .0 ,3382E-02 ,3382E-02 .I03_Eo0_ .0 *0 ,0

9 SItl_ 32,12 ,_1339_-02 .80_Eo0_ ,181_ ,1818 .6366Eo01 ,3154E-03 ,0 ,0
tO _ONOCHLOROSILANE 86,56 ,773RE-0_ ,_12Eo0_ ,2725 ,2725 .2536 ,_526E*0_ o0 *0

It O|C_LORO_IkANE 101*ql _*g_q I°PO_ 13.51 13,St 13.32 1,03S ,L690 ol_3

I_ ?_IC_LOROSIL_NE 13S,_S 110._ _6,18 4,511 _.511 _,_ 53,77 63,_4 55,43

13 SIL.ICON TETRACNLORIO[ |fiqe90 _42,0 80,39 .lq67 ,l_fi2 ,195fl |61,6 785,9 589,9

|4 CHLO_IN_ ?O,q| *0 .0 ,0 .0 °0 .0 *0 *0

16 SILICON 2q,09 ,0 .0 ,0 ,0 °0 ,0 .0 ,0

17 CH_0_IU_ 0|OX|_E R3,99 *0 .0 .0 ,0 '*0 o0 °0 *0

1_ _NO&NES[ DIOxTDE 8_,9_ .0 o0 ,0 ,O ,0 .0 ,0 ,0

Iq CALCIUM 40.08 ,0 _0 o0 ,0 o0 oO °0 °0

_0 ALUMINUM OAIOE 101,9_ ,0 ,0 ,0 ,0 ,0 ,0 ,0 °0

_1 I_ON RS,_S ,_ *0 *0 *0 o0 °0 *0 *0

_2 LIfO 207.|9 ,0 .0 .0 ,0 .0 ,0 ,0 .0

2] TITANIUM 010_I0[ ?q°_O ,0 ,0 ,0 ,0 *0 ,0 *0 ,0

E_ N|C_EL _0.?1 *0 *0 *0 ,0 ,0 *0 °0 *0

_S CO_E_ 63,5_ ,0 *0 .0 *0 .O *0 ,0 ,0

_6 P_O$_ORUS PENTOxIOE I_1,_ °0 *0 ,0 ,0 .0 °0 *0 .0

_7 ViNAOIU_ _ENfOxI_E |R[.fiq *0 _0 *0 *0 *0 *0 °0 *0

_ Zl_CO_lu_ 0/0xl0E IEJ,_ ,0 .0 ,0 ,0 .0 ,0 ,0 ,0-

_g CARSO_ I_,0l ,0 .0 .0 ,0 ,0 .0 *0 ,0

30 _0_ON OxlOE h_,8_ °0 ,0 .0 ,0 o0 . ,O ,0 ,0

32 I_ON SULFATE |5|*q| .0" ,0 .0 *0 *0 ,0 *0 ,0

33 CUP_Ou_ OX_OE _5.S" *0 .0 .0 *0 °0 *0 *0 *0

3_ MAgnESIUM O_I_E 40°_ ,0 .0 .0 *0 .0 ,0 *0 ,0

35 _HOS_ORUS TRI_LO_t0£ 1)7°33 ,0 .0 .0 ,0 .0 .0 *0 ,0

3& 80_ON TgICNLORIO£ ||?,17 ,0 .0 .0 *0 °0 .0 *0 *0

37 C_ONIUM TR|C_LO_IDE I_8,35 .0 .0 *0 *0 ,0 ,0 ,0 .0

3q CALCIU_ CHLORI_E 110,99 ,0 .0 .0 *0 *0 .0 ,0 *0

_0 ALU_IqU_ CHLOR|_E |33*3_ ,0 ;_ .0 *0 .0 .0 *0 *0

_I rE_IC CNLORInE I_.EI *0 ,0 .0 ,0 *0 .0 *0 ,0

_3 TITANIUH TETkAC_LOR|_E Iflq*?l *0 .0 *0 .0 .0 *0 °0 ,0 --

_ NICKEL cHLO_ID_ I_._ ,0 .0 ,0 ,0 *0 *0 *0 *0

_5 CtIP_IC CHLO_I_E 13_._ ,0 .0 .0 ,0 .0 "-" ,0 ,0 .0

_ ZIRCONIUM 1EI_C_LO_IOE _33,0_ ,0 .0 ,0 .0 *0 .0 ,0 .0

_? VANAOIU_ _IC_LO_I_E L_I°_ ,O ,0 ,0 ,O- *0 .0 ,0 .0

_fl _AGNE_IUM CMLO_IOE _,_ ,0 .0 .0 .0 *0 *0 *0 .0

49 SULrUW 01CMLOPI_E |0_*97 ,g *0 ,0 .0 *0 *q *0 .0

50 Mx_O_EN SULFI_E 3_.0_ ,_ .0 .0 ,0 *0 ,0 ,0 .0

_1 OI_On_NF _?,_t ,0 *0 ,0 ,0 .0 ,0 *0 ,0

SE P_OSP_IN[ 34,00 *0 *0 .0 ,0 *0 *0 *0 *0

_3 A_SINE 77,_ ,0 ,0 .0 .0 .0 *0 *0 ,0

S_ _ANOA_E_E H_O_OXIOE 88.q5 *0 *0 .0 *0 .0 *0 *0 ,0

$6 CALCIU_ MYOROXI_[ ?_,0_ *0 *0 *0 .0 ,0 *0 *0 *0

57 AI.UWINUN HYON0_|_ ?8.00. ,0 *0 *0 .0 ,0 *0 ,0 ,0

58 IgON _T_ROXIOE RO,Rb *0 .0 *0 .0 °0 *0 ,0 .0

59 LEA0 _YOWOXIDE _kl,_O *0 *0 ,0 *0 *0 *0 *0 .0

60 NICKEL MYO_OAIOE q_°T_ *0 *0 *0 .0 *0 *0 *0 .0

81 COPPER MTOSOXIOE g?,SS .0 ,0 ,O .0 .0 ,0 .0 ,0

bE _I_CO_IuM MTOR_AInE 15_.25 ,0 *0 *0 *0 *0 .0 ,0 ,O

63 LIME (CAO} S6*OB *0 *0 ,0 *0 .0 *0 *0 .0

6_ SILICON OI0XID[ _0,08 ,0 .0 *0 ,0 .0 .0 .0 .0

_S SILOX_NE 10_.19 ,0 .0 *0 ,0 o0 .0 *0 .0

6& METHYL %_LANE _B*IW *_ ,0 ,0 °0 ,0 ,0 *0 .0

87 OIMETHYL _ILAN_ hO*IT *0 *0 *0 *0 *0 *0 .0 *0

68 METWYLOICMLOR0_ILANE |15*0; *0 *0 *0 .0 *0 ,0 .0 ,0

69 MET_YLTRIcHLOROSILAN_ 150.4_ .0 .0 .0 *0 *0 *0 *0 .0

?0 OIMET_YL_IC_LOeO_IL_NE 12_.0_ .0 .0 .0 .0 .0 .0 *0 ,0

ELEMENTAL COMR_SITION* Lq-MO/HR

T? CA_ON ( Cl |_._I ,0 .0 .0 ,0 .0 .0 o0 .0

72 M_OROOEN I HI |,0| 115,8 _0,00 _E,?3 4E,E3 3_,?0 S5,85 63,98 SS,?_

73 NI'TROOEN (N) |4*01 *0 *0 ,1793E-0| *1793E-0| *_272E-03 *0 *0 *0

?_ O_VO_ (O) |6.00 *0 ,0 .0 *0 *0 .0 ,0 *0

15 SIL|CON (_|_ _.0q 35_,q _3a,5 18._7 1_°67 18°3_ _q_,_ 8_qo? 6_5°4

?8 CHLO_IN_ (_L) 3_,k5 |JO_, 493,9 _1._1 _l*_I _l. IB _09.8 3335, _576.

?I A_GON (A_) 39,qS *0 .0 .0 .0 .0 '*0 .0 .0

78 P_OSP_OWtJB ( _} 30*q? *0 *0 ,0 *0 *0 ,0 ,0 ,0

Tq fiO_0N ( _I IO,_L *0 *0 .0 *0 .0 o0 *0 ,0

80 C_m_NI,_ (CP} _.00 .0 ,0 ,0 ,0 .0 *0 .0 ,0

AI MAN_ANESE (WN) 5_._4 ,0 .0 ,0 *0 *0 ,0 .0 *0

8_ CALCt[) M (CA) 40,08 .0 *0 ,0 .0 .0 *0 ,0 ,0

_3 ALUWINU M (ALl _.qa .0 *0 ,0 ,0 o0 *0 .0 .0

84 I_ON (Fr) _S,AB ,0 .0 .0 .0 .0 .0 .0 ,0

R_ LEaO (PS} _0_,19 ,0 *0 .0 .0 .0 ,0 .0 ,0

_6 TITANIUM fTI} _?.qO *0 .0 .0 .0 .0 *0 .0 ,0

87 NICkeL (NI$ _,TI .0 .0 *0 *0 °0 *0 ._ ,0

8q CO_E _ {r')} 8),_ ,0 ,0 .0 ,0 ,0 .0 ,0 ,0

89 VA_ADfU_ ( V) 80,_ ,_ .0 .0 .0 .0 ,0 .0 ,0

90 ?f_CON[UN |?_) _1._ ,0 .0 ,0 .0 *0 ,0 *0 ,0

_l $_}Lru_ ( St 3_,0_ .0 ,0 ,0 ,0 .0 ,0 .0 ,0

9_ A_NIC (A_| 74,_ *0 *0 .0 .0 *0 .0 .0 *0

ql Wt_NE_/UM (_0) ?_.ll *0 .0 ,0 .0 *0 ,0 .0 .0
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TABI,I!C-II:
(toni inued)

lO00 NT/YR COMMERCIAL PLANT
STRI!AH CATAIL)G (ISSUE I)

r,l.,_ A- '_l_"._f,_ ....................... ,-'J'l I ,slc /II- ?12 213 PI4 PI ¢, ,'?|_

O;_¢ _ '.,_J_'_.. P", l .: c'_0. ?0 _,'I, p0 3;0,00 _i_, O0 '_5,00 3?0,00 Rr), 00 R*i,O_

L [giJln v .a t,(" I l,'l,i _,0 1,0000 |,0000 1.0000 1.0000 |,0000 1,0000 1,0(1($(I
F'NI":_AI .'V *' _.l _'fa_ I/-,P*.il'*J/.g._ 0,0 0.0 0,0 0,0 0,0 0,0 D*0 0.0

_£&r _ rqr,,.,^! l_'I ,,.H,C,._I,,/',_ (1,0 0.0 0,0 0,0 0,0 0,0 0,0 0,0

.._tr_T = ,il * _?,: * .._*" ,i_r[t/-._ 0.0 0.0 0.0 0.0 0,0 0,0 0,0 0,0

_'ot = _i - .?') * ,o ,._O/L,t-M,_ 9,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

TOTAL r_L Inr_ f"_T.,_ Pr t_*l.j/.l_ 0,0 0.0 0,0 0,0 0,0 0,0 0*0 0.0

Iv!_Ar.f _OLFC.sl.lll ,vl';,_' I I,'*0?_;/ 132,0757 13_*0_5t J3_'.*04_ih 13;),0_.ff I]_.*Ù?Sfl |_16,04_ff |'}_*0_.56

W"
I _Y_OGEN 2,0_ .0 ,0 ,0 ,0 *0 *0 *0 *0

3 AO_Oh 3_.lh ,0 ,0 ,0 ,0 *0 ,0 ,0 )0

40_GE_ 3_,00 ,0 .0 ,0 .0 *0 )0 ,0 ,0

C_g_ON _IONOIIDr _d.0| ,0 ,0 ,0 *0 *0 *0 *0 *0

6 Ca_RO_ _IOxIOE _._.0I .0 .0 .0 . .0 .0 *0 *0 .0

7 _T_AN_ |_.0_ .9 .0 .0 *0 .0 .0 *0 *0

q SII. ANE 31!.I_ .70_3 .7083 .7083 .301S .400_ .3078 .0 *0

1_ _ONOC_L0_0SILINE _h 5_ ,.1_ _.l_q 4.1_9 l*?q_ _.3_5 1.794 .941_E'0_ *q4?_E'0_

II OIC"L3g0_ILAN[ I01,01 73. r;_ 73._ 73.5R 30.96 41.61 31.97 I*?8" _.?66

12 T_ICHLO_OSILA_F 135._5 611,3 kII.3 _II.3 2_0.I 345.6 P6fi.6 _85.0 PRS,3

|3 SILICON TET_C_LO_[O_ |_').90 IJ.q5 |3.95 J3*qS 40.5_ ?*8q0 6,063 6,835 6,842

14 CWL0gINE 70._I *0 .0 .0 *0 *0 .0 .0 *0

1% WATF_/%TEA _ |_.07 .0 .0 *0 ,0 *0 *0 ,0 *0

lh Sh. ICO_ ?_.0_ .0 .0 .0 .0 *0 .0 *0 .0

I? C_0_I_ DI_xlm_ _],q_ .0 .0 ,0 .0 *0 .0 *0 .0

I_ _ANSI_E_E OlOxlgE _O._ .0 .0 .0 .0 .0 *0 .0 .0

lq CILCIO_ _0.0_ *0 *0 *0 .0 *0 .0 *0 .0

?0 ALIt_I_U_ 0XIO_ 10l.'a_ .0 .0 .0 .0 *0 .0 . *0 *0
_I I_O_ 55,_ .0 .0 .0 .0 *0 .0 .0 .0

_? LEAD ?07.19 .0 .0 .0 .0 *0 *0 .0 .0

E1 TITANIU_ DIOIIOE _*_ *0 .0 .0 *0 ,0 .0 *0 .0

E4 NICKEL _.7| .0 .0 .0 .0 *0 .0 .0 *0

_5 C0OPE_ _3,5_ .0 .0 .0 .0 *0 .0 .0 .0

_6 P_0_PHO_US _ENTOIIgE |_1._ .0 .0 .0 .0 .0 .0 .0 *0

_7 VI'_ADIUU OENTOXIDE |_I',_H .0 .0 .0 ,0 *0 ,0 ._ *0

ZR ZI_CO_Ir_ DI0XlOE I_3.?_ .0 .0 .0 .0 .0 .0 .0 .0

_ CAO_O_ l_.O! ,0 ,0 ,0 .0 .0 *0 .0 .0

30 _o0_ 0xI_E '.9.h2 .0 .0 .0 .0 .0 .0 .0 .0

31 A_S_NIC _TOX[OE ??_._ .O *0 ,0 *0 ,0 *0 ,0 *0

3_ I_0N SULF_T_ |_l.q! .0 .0 .0 .0 .0 .0 *0 *0

3_ CIsjPQOJ_ OIIOE q5.5#* .e .0 *0 *0 *0 *0 .*0 .0

34 _6GNE_[II _ O=IDF _.3| *0 *0 ,0 *0 *0 *0 *0 .0

3S _OSP_N_tl_ T_lr_LO_lnr 137.33 ._ *0 *0 *0 *0 *0 *0 .0

_6 q0_O_ T_ICHLO_I_E IlZ.l _ .0 *0 .0 .0 *0 .0 .0 *0

3_ _ANGI_E_E 01C"L0UID£ 175. _ .C *0 *0 .0 .0 .0 .0 *0

3q CALCIJM C_LO_In_ II0._'_ .0 .0 .0 .0 .0 .0 .0 *0

40 ALI_INIJ_ C_I.O_I_F |_).]_ .o *0 *0 *0 .0 .0 ,0 .0

_2 LEAD _IC_LOalrW _?_.10 .0 .0 .0 .0 .0 .0 .0 .0

_3 TIT_HU_ _ET,ae_LO, I_E I._._I .') .0 .0 .0 .0 .0 .0 .0

4_ NICW[L C_LO_IO_ Ic'q*_ *.) .0 *0 *0 *0 *0 *0 *0

_S CUPRIC C"LO;I3E 13_._ .9 .0 *0 .0 *0 .0 .0 *0

_6 ZIoCONItJ_ TFT_^C_LO_IOE _33.03 *0 *0 .0 .0 .0 *0 *0 *0

47 VA_lOI+.'- DICwLh_TqE I?I,_ .0 *0 *0 .0 *0 *0 .0 .0

_ WAGNESIUM C_LOOInE 05.2_ .e .0 .0 .O .0 ,0 ,0 ,0

_ S'ILCU_ qIC"I_PI_F I02._? ,0 .0 .0 .0 .0 *0 *0 .0
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TAB LE C-Ill: I000 HT/YR COb$tliRCIAL P[,ANT PHYSICAL

PROPERTIES FOR PROCESS STREAHS (ISSUE 1)

RTREAM NUMBER 100 IO|

TEMPERATURE, OEG F, 0,75002E 02 0,75002E O_
PRESSURE, PSIA O,I5000E 02 O*15000E 02
LIQUID FRACTION 0,0 0.0

VISCOSITY, CENTIPOISE 0,18385E-01 G.gI282E*Oa
THER.CONO,o. BTU/HR-FT-F O,16779E-01 0.10538E O0
DENSITY, LB-HOLE/FT**3 ' G,2615TE'02 0,26125E-0_
SURFACE TENSION, DYNES/CM 0.0 0.0
PRANDTL NUMBER 0.71329E GO O.7_Bl6E O0
DEW PT, / BUBBLE PT,,F G,B7397E GZ -O,kBB3BE 03

ENTHALPYt BTU/LB-MOLE 0.37072E 04 0.3628|E 04
SPECIFIC HEAT, BTU/LB-MO-F O,68255E Ol 0.69763E O1
FLOW * ENTHALPY, BTUIHR 0,0 0,0

COMPOSITION, LB-MOLES/HR

I HYDROGEN

2 NITROGEN

3 ARGON

& OXYGEN

5 CARBON MONOXIOE

6 CARBON DIOXIDE

7 METHANE
E HYOROGEN CHLORIDE
q SILANE

10 MONOCHLOROSILANE

1101CHLOROSILANE

12 TRICMLOROSILANE
13 SILICON TETRACMLORIDE
14 CHLORINE

1S STEAM/WATER

16 TOTAL MOLES

102 104 105 106

0.75002E 02 O.ISOOIE 03 G.tSOOIE 03 O,7BOOIE 02
O*20000E 02 0.SI070E 03 0.§1670E 03 O.I4?OOE 02
O.tOOOOE 01 0.0 0,0 O.O

0,4564BE O0 0,99_47E-0_ 0,_9447E-02 0,18385E-01
0.58240E-0| 0.11906E O0 O,|Ig06E O0 0,14779E-01
0,49871E DO 0,77¢17E-01 0,_7417E-0| 0.2563_E-02
0.189_6E 02 G,O 0.0 0.0

O,3bZOIE Ol 0,70038E O0 0._0038E O0 0,71322E O0
0,15362E 03 -0.45843E G3 -0=458;3E 03 0,5683BE 02

-O.17q29E 04 0,4168_E G4 O._1684E 04 0,37072E 04
0,32439E 02 O,69878E O1 O*Q9878E Ol 0,682_5E OI
0,0 0,0 0,0 0,0

0.0 0.0

0.15536E 03 G.O
0.185_3E O1 0.0
0.41679E OZ 0.0
0.0 0,0
0.59606E-01 0.0

0,0 0,0
0,0 O.G

0,0 0.0
0,0 0.0
0,0 0,0
0,0 0.0

0,0 0,0
0,0 0,0
0.31595E 01 0,0

0,20211E 03 0.0

0,0 0,28610E O0 O,aB324E 02 0,0
G,O G+G Q.O 0.15S3SE 03
O,G O.G 0.0 0.185_3E Ol

0,0 0,0 O*g 0,41679E G2
G,O 0.0 O*O 0,0

0.0 0.0 0,0 0,59606E-01
O,G 0,0 O.O 0,0
0,0 0.0 0.0 0,0
O,G O.O 0.0 0.0
0,0 R..O 0,0 0.0

0,0 O,O 0,0 O,G
0,0 0,0 0,0 0,0
0,17412E Ol 0,0 G*O 0,0
0,0 G,O 0,0 0,0
0.0 0,0 0,0 0,31595E 01
0,17412E 01 O,IB610E GO O,aB32_E 02 0,20210E 03

107

0,93200E 03
0,51670E 03
0,0

0,28920E-01
G,3637_E-OI
0.36B23E-01
0.0
O°37kO3E O0

0,36504E 03
0.20315E 05
O.17G83E 02
G,O

0,21156E 03
O.tggO3E GO
0,0

0.0
0,0
0,0
0.0
0.50829E-02
0,65350E*03

O,B7984E-02
0,26371E O0
O*I6gS6E 02
0,21156E 03
G.O
0,0

G,_OSSE 03

STREAH NUMBER

TEMPERATURE+ DEG F,
PRESSURE, RSIA
LIQUID FRACTION

VISCOSITY, CENTIPOISE
THER,CONO,, BTUIHR-FT-F

DENSITY, LB-MOLE/FT**3
SURFACE TENSION, DYNES/CM
PRANOTL NUMBER

DEW PT, / BUBBLE PT,tF
ENTHALPY, BTU/LB-MOLE

SPECIFIC HEAT, BTU/LB-MO-F

FLOW * ENTHALPYt BTU/HR

COMPOSITION, LB-MOLES/HR

I HYDROGEN
2 NITROGEN
3 ARGON

4 OXYGEN
S CARBON MONOXIDE
6 CARBON DIOXIDE
T METHANE
B HYDROGEN CHLORIDE
q SILANE

10 HONOCHLOROSILANE

II DICMLOROSILANE

12 TRICHLOROSlLANE

13 SILICON TETRACHLORIDE

la CHLORINE

IS STEAM/WATER

I_ TOTAL HOLES

108 109

O,g32OOE 03 O,12000E 03
0,51470E G3 O*S_O00E Ga
0.0 G,IOOOOE 01

O,28720E-01 O,3bISOE O0
0,33738E-01 0,52514E-01

O,3_TgTE-O| 0,4BTgBE O0
0.0 O.l_g?gE OZ
O,39906E O0 0,31916E 01

0,36381E 03 O._lTBIE 03
0.20678E OS -0.39573E 03
0,17654E OZ 0.32287E Oa

O.G G,O

0,18752E 03 G.O
0,19903E O0 G*O
0,0 O,G

0.0 O*G
0,0 0.0

0.0 G.G
0,0 G,O
G,7_ISSE-02 0,0
0.8_20BE-03 0.36572E-O_
0,28680E*01 0.105_6E'0_
O,1470TE 01 O.20131E-GI

O,b25EBE G2 0,8503_E Ol
0°17674E 03 0,19606E 03
0.0 0,0
0,0 0,0
O,_IB53E 03 G,20_58E 03

11G 111 112 113

O.3TSOIE 03 O,3S6GGE G3 O.3560GE G3 G,3SBGGE 03
0,51370E 03 O,B7_70E 93 O,SlZTOE 03 0,51270E 03
O,500GOE 00 0,10000E 01 O,IOOGOE 01 0.0
O.50_IBE-01 O,11Tb3E 00 O,IIT63E O0 O.20712E'OI

0.25219E-01 O,3BBg3E-_l O*3859]E'01 O,lSTTgE-Ol

0,82106E-01 0.37019E 00 O,3TOI9E O0 0,75850E-01
0.69388E-01 O,21136E 01 0,33830E 01 0".0
O.Bgg69E OG 0.204_BE 01 0,20436E 01 0.2351gE 00

0.37501E 03 -0,45601E 03 -0.45601E 03 0,39221E G3
0.11190E 05 0,77301E O_ 0,77313E 04 0,1234qE 05
0,35695E 02 0,4_5_0E 02 0,4442_E 02 0,22673E 02
0,0 0,0 0,0 0,0

114

O.I00GOE 03
O.SI170E 03
0,50000E O0

0.30209E 00
0,56922E-01

0,52379E O0
O.163_BE 01

0.20399E 01
0.10000E 03
O,k_4&BE O_
0,25171E 0_

0.0

O.19BO4E 03 0,10527E 0_ O,16583E-OI 0.19Z92E G3 0,193_2E 03
0,21924E OG 0,20_lBE-Ol O,31850E-O_ 0,20953E O0 D.21OSIE 00
0,0 0.0 0,0 0,0 0,0
0,0 0,0 0,0 0,0 0,0
0,0 0.0 0,0 0.0 0.0
O,O 0o0 0,0 0°0 0.0
G,O 0,0 0,0 0,0 0.0
O,lO_12E'Ol 0,29961E-02 0,#7199E'05 G,IOI83E'01 O.IO_4IE-'U]

G.qg354E-03 0°15145E*05 O._3859E'G6 G.IIO_IEo02 G°II_86E'O_
0.46TBIE-OI 0,Z0071E-0I 0*31619E'0_ 0.49173E'01 0,51268E'01
O,51O_SE Ol 0,3693BE 01 O*_BIBgE-02 0,29198E Ol 0.30S52E 01
O,26_B_E G3 0,20233E 03 0.31B73E O0 0,126_1E 03 0.1323TE 03

0.10554E 04 0,87870E 03 O,}3B_2E 01 0,36980E 03 0,3877IE 03
0,0 0.0 O°l 0.0 0.0
0,0 0,0 0.0 0,0 O,O
0,15238E 04 0.10953E 04 0,)7254E GI 0.69232E 03 O.71083E 03
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STREAM NUMBER

TEMPERATURE, DEG F.
PRESSURE, PSIA
LIQUID FRACTION
VISCOSITY+ CENTIPOISE
TH[R,CONOoe 8TU/HR-FT-F
DENSITY, LB-MOLE/FTe*3
SURFACE TENSIONt OYNE$/¢M
PRANOTL NUMBER

DEw PT, / BUBBLE PTo+F
ENTMALRY, BTu/LB-MOLE
SPECIF|C HEAT, BTU/LB-HO-F
FLOW • [NTNALPY_ BTU/HR

COMPOSITION+ LB-MOL[$/HR

I HYDROGEN
2 NITROGEN

3 ARGON
4 OXYGEN
5 CARBON MONOXIDE

6 CARBON OIOXIOE

7 METHANE
8 HYDROGEN CHLORIDE
9 SILANE

10 _ONOCHLOROSIL_NE
l! OICHLOROSILANE

12 TRICHLOROSILANE

13 SILICON TETRACHLORIOE
1; CHLORINE
1S STEAM/WATER
16 TOTAL MOLES

TABI,E C-III:

(continued)

I000 HT/YR CO_$_ERCIAL PI.ANT PI{YSICAL

PROPERTIES FOR PROCESS STR}/AMS (ISSUE I)

115 116 117

O,IO000F 03 O,IO000E 03 O,IO000E 03

0,5_370_ 03 0,513702 03 0,57a70E 03
O,IO000E Ol O,IO000E Ol 0,I00002 Ol
0,3539SE O0 0.35395E O0 0,3539_E O0
O,S4_lOg'Ol 0,54410E-01 O,§4_IOE-OI
0,51BAKE O0 O,51BSkE O0 0,518442 O0

o.T9927E Ol 0,7992TE Ol 0,72916E O|
0,31422E Ol 0,31420E 01 0,31422E 01

-0._54032 03 -O,SSk03E 03 -0,45403E 03
-0,12367E 04 -0.12367E 04 -0.12366E 04

0.31;802 02 0,31k802 Oa 0,31_782 02
0.0 0.0 0.0

O.SOkB_E 00 0o5_217[ 01 0,50_6_E O0
O,9BlO3E-03 0,10539E-01 0,9B1032-03

0.0 0.0 0,0
0.0 0,0 0,0
0,0 0.0 0,0

0+0 0.0 0_0
0,0 0,0 0,0
0.25806_-03 0,2772kE-0_ 0,25806E-03
Oo243BOE-Ok 0°26193E-0_ 0,243802-04
0._0956E-02 0.2251_E-01 0,20956E-02
0.1_539E 00 0.1_546E 01 0,13S39E 00

0.59638E O1 0.6k0712 Oa 0,596382 Ol
0.179152 02 0.192k6E 03 0,|7925E 02
0,0 0.0 0,0
0,0 0,0 0.0
0.2k5222 02 0.263kkE 03 0,24522E 02

118 119 120' 121

0,100002 03 0,_00002 03 0,100002 03 O.IO000E 03

0,S10702 03 O,SlO70E 03 0,510702 03 O,_TQE 03
0.0 0,|0000E 01 0,0 0,0

0,160832-01 0,3539SE O0 O,160B3E'01 0,16188E'01
0,62S68E-01 O,SkbIOE*Ol O,62S6BE'OI 0,62BIBE'OI
0,B472BE*01 O*Sl84bE 00 0,8472BE'01 0,86542E'01

0,0 O.802gSE Ol 0.0 O.O
0.257232 00 0,31k22E 01 0,25723E 00 0,25794E O0

0,21_05E 03 -O*_Sk03E 03 O,_I_OSE 03 0,21S67E 03
O,_S9BBE Ok -0,_2367E O_ 0,k5986E Ok 0,kS989E 04
0,967_fiE 01 O*31_B2E 02 0,96?_6E 01 0.gbBoSE Ol
0,0 O,I 0.0 0.0

0,18295E 03 O,qSS2ZE Ol 0,1B29SE 03 0,18_95E 03
0,1901_E 00 OoBB491E-O_ o,IgOlkE 00 O.1901_E O0

0,0 0,0 0,0 0,0
0,0 0,0 0,0 0.0
0.0 0.0 0.0 0,0

0,0 0,0 0,0 0.0
0,0 0,0 0,0 0,0
O.BOB29E-O_ 0,23278E*02 0,50829E-02 0,508292-02
0,62229E-03 0*_19932"03 0,622292*03 0,622292-03
v,TT$_E-02 0._8904E-0_ O,?TS_E'O_ O°TT54kE-02
0,2¢$79E 00 0.)2_13E 01 0,8_379E O0 0,2_379E O0

0,B5377E Ol 0°S37972 02 0°85377E Ol 0,B53T?E O1
0,15732E 02 0,i6160E 03 0,157322 02 '0,15732E 02
0.0 0*0 0,0 0,0
0.0 0.0 0,0 0,0
0,_07672 03 1 0e22120E 03 0°207672 03 0,20767E 03

STREAM NUMBER

TEMPERATURE, OEG F.

PRESSURE_ PSIA
LIQUID FRACTION

VISCOSITY, CENTIPOISE

THER,COND,, BTUIHR-FT-F
DENSITY_ LB'_Ot.E/FT•e3
SURFACE TENSION+ DYNES/CM

PRANDTL NUMBER
DEW RT. / BUBBLE PT,tF

ENTHALPY, BTU/LB-HOLE
sPECIFIC MEAT+ BTu/LB-MO-F

FLOW • ENTHALPYo BTU/HR

COMPOSITION, LB-NOLESIHR

t HYDROGEN
2 NITROGEN

ARGON
4 OXYGEN

CARBON _ONOXIDE
6 CARBON DIOXIDE

? METHANE
B HYDROGEN CHLORIO_
9 SILANE

10 MONOCHLOROSILANE
11 OICHLOROSILANE
l_ TRICHLOROSILANE

|3 SILICON TETRACHLORIDE
t4 CHLORINE
15 STEAM/wATER

16 TOTAL MOLE5

122

0.96100E 03

0°S1670[ 03
0.0
0.29038E-01

0o12601E 00.
0,33511E+0_
0,0
0.253882 00
O.21k93E 03
0.12176E 05
O°gET52E 01

0,0

0o 182952 03
O,ISOlkE 00
0.0
0,0
0.0
0.0
0.0
0.50829E-02

0._22292*03
0°T754_E*02
0°2o,379E O0
O.BS3?TE 01

0,15732E 02
0.0

0o0
C.;_0767E 03

123 12k 125 126 127 I28

0,961002 03 0,4_2992 03 0,100002 03 0._00002 03 O°?SOOZE 02 0°750022 02

0.S16702 03 0.5_1702 03 0.950002 02 0*_0000E*03 0,300002 02 0.$2670E 03

0.0 0,0 0,10000E 01 0,10000E 01 0,10000E 01 O.IO000E 01
0°280792-01 0,28_36E'01 0,3S39SE 00 0,3539SE 00 O,kS083E O0 0.45083E O0
0,12511E-01 0.97?802-02 O°SkklOE-Ol O._kklOE-O1 0°581332"0| 0,58133E-01

0.366702-01 0,128622 DO 0,5184_E 00 0.118_4E 00 0,50368E 00 0°S0368[ 00
0*0 .0*0 0,1_5232 02 0.14k27E 02 0,186962 02 0,871702 Ol
0,Bk9782 00 -O.l_SSIE 01 0,3142kE 01 0,31k22E Ol 0,36058E 01 0.3h060E 01
O,kkkO*E 03 0,k45262 03 -O,kSk03E 03 -0,45k03E 03 0.1?626E 03 0.skS3_E 03
0,31123E 05 0,16136E 05 -0,12_69E Ok -0,_369E 04 -O,lf14BTE O_ -O°IB_?E Ok
0o26369E 02 -O°ITI_8E 02 0.31453E DE 0.21453E 02 0.32381E 02 0,32_83E 02

0,0 0,0 0,0 0*0 0.0 0°0

0,0 0,0 O,kSS22E 01 0,455222 Ol 0,0 O,O
0.0 0,0 0,BB4912-02 0,88491E-02 0.0 0.0

0,0 0,0 0,0 0*0 0,0 0,0
0.0 0.0 0,0 0*0 0*0 0,0
O°O 0,0 0,0 0,0 0°0 0,0

0°0 0,0 0,0 0*0 0,0 0.0
0,0 0,0 0o0 0.0 0°0 0,0
0,0 0,0 0,2327BE-02 0._3278E'02 0*0 0,0
0,362062*0_ 0,36206E'0_ 0°21993E-03 0._1993E-03 0,365T2E*04 O,3_Y_?IE-Ok
O,lOkkOE-02 O°104kOE-02 0°189042-01 0,|890kE-0[ O,IOSk6E-OZ O.lOSk6E-OZ
0,199302*01 0.19930E*01 0,12213E OI 0*_22132 01 0,20131E-01 O,_OI3IE-OI

0.Bk183E 01 0,Bk183E 01 0,53777E 02 0°S379?E 0_ 0,B50332 01 0.8_033E Ol
0.195822 03 O,19582E 03 0,16|602 03 0*16160E 03 0,1g?80E 03 0.197B02 03
0,0 0,0 0°0 0*0 0.0 0°0
0.0 0,0 0,0 0*0 0,0 0.0
O,20kP_E 03 0,20426E 03 0,221202 03 0*221_0E 03 0,206322 03 0.?0632E 03

Ii I I
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STREAM NUMBER

TEMPERtTURE* DEG F.
PRESSURE, PSIA
LIQUID FRACTION
VISCOSITY_ CENT|POISE

TMER.CONO,t RTU/HR-FT-F
DENSITYt LB-MOLEIFTee3
SLIRFACE TENSION_ OYNEStCN
PRANDTL NUMBER

OEw PT. / BUBBLE PT**F
ENTHALPY, BTU/LB-MOL[
SPECIFZC MEAT, BTU/LB-MO-F
FLOW • ENTM4LPY, BTU/HR

COHPOSITION, LB-NOLES/HR

I HYDROGEN
2 NITROGEN
3 ARGON

4 OXYGEN
5 CARBON MONOXIDE

6 CARSON DIOXIDE
7 M_THANE
B HYOROGEN CHLORIDE
q SILANE

10 NONOC_LOROSILAN(

1101CHLOROS[LANE
12 TRICHLOROSILANE
13 SILICON TETRACHLORIOE
14 CHI.0RINE
15 STEAM/WATER

16 TOTAL MOLES

STREAH NUMBER

TEHPERATURE, DEG r.
PRESSURE, PSIA
LIOUID FRACTION
VISCOSITY, CEN_IPOISE
THER.CONG. o BTUtHR-FT-F

DENSITY_ LB-MOLE/FT'*3
SURFACE TENS|ON_ OYNESICM
PRANOTL NUMBER

0EW PT. / BUBBLE PT.tF
ENTHALPYt BTU/LB-MOLE
SPECIFIC HEAT_ BTU/LB-MOoF
FLOW • ENTHALPY_ HTUIHR

CONPOSZTION* LB-MOLES/HR

I NYDROGEN
2 NITROGEN

3 ARGON
OXYGEN

5 CARBON MONOXIDE
6 CARBON DIOXIDE
? METHANE
B HYDROGEN CHLORIDE
q S1LANE

10 NONOCHLOROSIL&NE
It OICHLOROSIL&NE

12 TRICHLOROS|L_NE
|3 SILICON TETRACMLORIDE
|4 CHLORINE
I5 STEAH/UATER'-
|6 TOTAL MOLES

TABLE C-Ill:

Ccontinued)

1000 MT/YR COHIqERCIAL PLANT PItYSICAL

PROPERTIES FOP, PI,OCESS SlRhAHS ([ISSUE 1)

|2q 131 I32 2GO E0! 202

0,356002 03 0,77000[ 02 0,442qgE 03 0,217qq( 03 O,a_OOtE 03 0,24_0gE 03
O,5127gE 03 O*14qggE g2 O,52670E 03 O_SSO00E 02 O,q_6OOE 02 O,9BoogE 02

O,IgOOOg O| 0.0 O,IO000E 01 O,IOOQOE Ol 0.I0000£ Ol 0,0
0,1|763[ O0 O.17845EoOI O.50205E-QI 0.24712E O0 OoE0622E O0 Oo143T_E-01
O,38_q3E*01 0.14968E-01 O,38913E-Ol 0,43_8_E-0! 0,42463E-0| O.bOBOSE-02
0,37019E O0 0*2SBBIE-0a 0,ESbOIE 00 0,44B02E 00 0,46325E 00 0,1434GE-01
0,23830E 01 O*O 0,S0064E 00 0,11395E 02 0.9_373E 01 0.0
0,20_3g( 01 O*TOOqOE OO -0,31757E O0 O.E7S_IE O1 0*3_901E Ol O,71SIOE O0

"0.45601E G3 "0.3202EE 03 0.44536E 03 0+21_21E 03 0*_4346E 03 0*24735E 03
0,77313E 0* 0.37234E 04 0,ISST3E 05 0,2BIgSE 0_ 0,31910E 0_ 0,12915E 05
ge_k_19E 02 O,68OB_E 01 -0,171_2E 02 0,33724E 02 0.3633Z_ OZ 0,25961E O_
0,0 O,g 0,0 0,0 O.O 0,0

_03

0.14000E 03

0.90400E OZ
0°0
0,12_88['0!
0,97906E'02
0,15243E-0|

0,O
0,39826E O0

0.15437E 03
0,66762E O_
0.17661E 02

0,0

0,10527E 02 0.0 0,0 0.0 O,O 0.0 0,45799E O1
0,20218_'01 O,q2296E-02 0,0 0,0 0,0 0,0 0°89627E-02
0,0 0.0 0.0 0.0 0,0 0,0 0,0

0.0 0.0 0,0 0,0 0.0 0.0 O,O
0,0 0,0 G,O O,O 0.0 0.0 0,0

0,0 O,O 0,0 0,0 O.g O.O O,G
G,O 0,0 0,0 0,0 G,O O,O 0,0
0,29961E*02 0*0 G,O 0.0 0,0 0.0 0,3361qE-02
0,1514SE*03 o*g G,36S?IE*06 0,36572E-0_ 0,B33g1E*02 O,B023TE'02 O,1BIBI¢ O0
O,ZOOTIE*01 O,O - O,lgS46E*Ok O°IQ.T_BE-08 1G,773802"04 0,6212_E'04 O,E?EBOE O0
0,36q382 01 O°O 0,20131E-03 0.20131E-01 O,_e2B?E Ol O°lBq3BE Ol 0,13507E 02

0,E0233E 03 0o0 0,850332-01 0°55033[ 01 O,k099SE 03 O,SBtTTE OE 0,48109[ Ol
0,878702 03 0,0 0,1978Q( OI 0.19606E 03 O*E419qE 03 0,803892 02 0,19617E O0
0.0 0.0 0,0 0,0 0,0 0,0 0,0
0.0 0.0 O,O 0.0 0,0 0,0 0,0
0.10953E 04 O,qEE96E'02 0,20632E Ol 0.20458E 03 0.35488E 03 0,13847E 03 O,E3261E 02

204 205 206 Z07 208 209

o0.20992E 02 -O,20q92E 02 0.24400E 03 O.EI400E 03 O,II??Q_ 03 O.|5901E 03
0.89400[ O_ 0,95000E 02 0.95000E 02 0,5_800[ 02 0.55000[ 02 0,50200E 02
0,10000E 01 O,IO000E Ol O,IO000E _1 0,100002 01 0.0 0,0

O,29TB3E O0 0,505452 O0 O*20?STE O0 O*EkTBL_E O0 0*_36342-01 0,12553E-01
O.68813E-01 0,6Bqq9E*01 G,_E|STE-01 0,_37q4E-01 0.54681E-02 0,5_615E-02
O.T_qBB( 06 O,81TqqE O0 G.45481£ GO O,_52qTE O0 O.BE_TqE'OE 0,8176_E'02
0,59011E Ol 0,168512 O_ 0_93760E 01. 0,1153qE 02 O,g G,O
0,238542 Ol 0,374872 ol 0.26688E Ol O.2T635E 01 O°_qll9E O0 0,6619TE O0

-0.45539E 03 -0,452942 03 0,24835( 03 0,21652E 03 O*21899E 03 O,IsqqBE 03
-g.kOg_TE 04 -0.58420E 04 0,34226E 04 0,26420E O_ 0,_3537E OS 0,940352 04

0,198602 02 0,231202 02 0,3607gE 02 0,33776E 02 0,261062 02 0,19428E 02
0,0 O,O 0,0 0,0 0.0 0,0

210

0,15240E 03
O,_qEOOE 02
O,lOO00E Ol

0,22806E O0
0,_79:_E'01
0,60156E 00
0,120242 OZ
O,EBO02E Ol
0°149982 03

-0°83738[ 03
0,31344E 02
0.0

0,45799E 01 0,276642-01 0,0 0,0 0.0 0,0 0,0
0.89627E-02 0,11355E*03 0.0 0,0 0.0 0,0 0.0
0,0 0,0 0,0 0,0 0,0 0,0 0,0
0.0 0,0 0.0 0.0 0.0 O.O 0,0
0,0 0,0 0,0 0,0 0,0 0,0 0,0
0.0 0,0 0,0 0,0 _,0 O,O 0.0

0.0 0,0 0.0 0,0 0*¢ O,O 0,0
0,33619E-02 0,1034ZE-OZ 0,0 0,0 O.O 0,0 0,0
0,181812 O0 0,6365qE-01 0.31536E-G3 O,O O*O O,TOB2BE OO 0,?0828E _G
O,2TE_OE OO 0,253612 O0 O.152SbE-04 0,0 0,9 O,412GbE 01 OeklE8_E Ol
0,13507E 02 0.13320E O_ 0,10348E 01 0,169012 O0 0*)5333E O0 G,735_ZE 02 0.13582E 02
0.451092 01 g,_kBq4E. O_ O,5377SE 02 0,636432 02 O,§Sk_OE 02 0,61125E 03 0,61125E 03
O,lqblTE O0 0.19554E 00 O,lbI60E 03 O,7_Sq2E 03 0*58986E 03 O,13qS_E 02 0,13954E 02
0,0 O,O O,O 0,0 O,O 0,0 O.O
0,0 O*O O,O 0,0 O,O 0,0 0,0

0._326|E 02 _1_3512 O_ O._I_IE 03 0,849732 03 G,44544[ 63 g°?o362E 03 O,?03_EE 03
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TAB],I! C-III:

('cont inuedl
1000 H'I'/YR COHBII'_RCIAL I'I,ANT PIIYSICAL

PROPI_RTIES FOR PI_OCES5 STREAHS-(ISSUE 1)

STREA_ NUMBER 211 212 213 21k 215 216 217

TEMPERATURE, DEG F. 0,152_,02 03 O.ISBO0_ 03 0,|52402 03 0,15_402 03 O.ISBOOE 03 O,ISBOOE 03 0,327002 03
PRESSUqE, P$1A 0,320002 03 0,_40002 02 0,550002 02 0,32000E 03 0*850002 02 O,B_O00E 02 0.31990E 03

LIQUID FRACTION O,IOOOOE Ol O,IO000E Ol O,IO000E Ol O,IO000E Ol O,Io000E Ol O,IO000E O1 OelO000E Ol

vISCOSITY. CENTIPOISE 0.228062 O0 0.231662 O0 _.22B062 O0 0.22B062 O0 0.a2968E O0 0.22948E O0 O.C;_lB63E-Ol
TNERoCONO** BTU/HR-FT-F 0,_7q342-0! 0,_76_02-01 0,4793kE'01 0,479342-01 0,47S712-01 0,47571E'01 0,4254|E'01
DENSITY* LB-_OLE/FT**3 0.60156E O0 O.SB2_BE O0 0.601562 O0 0.60156E O0 0*|B321E O0 O.SB322E O0 O.BSI3BE O0
SURFACE TENSION. OYNES/C_ O.901BOE O1 0.I1772E 02 0.11953_ 02 0.90181E Ol 0.}16252 02 0.|16262 02 0.31_022 Ol
PRANDTL NUMBER 0.27_672 Ol 0.28013E Ol O.2BOOBE Ol 0.274692 Ol 0*270842 Ol 0.270862 Ol 0.176062 Ol
DEW PT. / BUBBLE PT.*F 0.31600E 03 0.1q3392 03 0.1577_E 03 0.316012 03 0._01992 03 0.201992 03 0.32T_52 03

ENTNALPY. BTU/LB-NOLE -O.BBO_;E 03 -0.503632 03 -0.8_0072 03 o0.B6084E 03 -0.§2852E 03 -0.528522 03 0.529712 0_
SPECIFIC HEAT. BTU/LB-MO-F 0.3t5172 02 0.32_33E Oa 0.32138[ OZ 0.315|92 02 O*315BBE 02 0.31589E 02 O._L65BE 02
FLOW • ENTHALPY+ BTU/HR 0.0 0.0 0.0 0.0 0.0 0.0 0.0

COMPOSITION. LB-HOLES/H_

I HYDROGEN 0,0 0.0 0*0 0.0 0.0 0,0 0,0
2 NIT_OOFN O.O 0,0 0.0 0.0 0.0 O*O 0.0

ARGON 0,0 0.0 0,0 0,0 0.0 0.0 0+0
OXYGEN 0,0 0.0 0*0 0.0 0.0 0,0 0,0

5 CARBON MONOXIDE 0.0 0.0 0.0 0.0 Oa_ 0.0 0.0
CARBON DIOXIDE 0.0 0.0 0.0 0.0 0.0 0.0 0.0

, 7 METMANE 0.0 0.0 0.0 0.0 0.0 0,0 0.0
B HYDROGEN CHLOR|SE 0.0 O.O 0.0 O*O 0.0 0.0 0.0

SILANE O.?O82BE O0 0.301_E O0 O._O050E O0 0.30?772 O0 0.0 0.0 0.0
10 NONOCHLOROSILANE 0._12862 Ol 0,179_02 Ol 0.233_52 Ol 0,179_0E Ol O,941BBE-02 0,9_27BE-02 0.51523E-01
l_ OlCHLO_OSILANE 0.735822 02 0.309552 Oa 0._608E 02 0.3t9742 02 0.|?6632 O[ 0.116612 Ol 0.905602 Ol

12 TRICHLOROSILANE O.bI125E 03 0.220062 03 O.34Sb_E 03 0.26561E 03 O._B5022 03 0.28530E 03 O.lOJSIE 06
13 SILICON TET_ACHLORIDE 0.1395_E 02 0._0517E 02 0.7890_E OI 0.60_352 Ol 0.683492 Ol 0.684182 Ol 0.21f1282 O_
l_ CHLORINE 0.0 0.0 0.0 0.0 0.0 0.0 0°0
15 STEAM/WATER 0,0 0,0 0.0 0,0 0.0 0,0 0,0
16 TOTAL MOLES 0.7036_E 03 0.293_3E 03 0..39787E 03 0.30575E 03 0.@9363E 03 0.293922 03 0.10660E O_

• ..,+.

Im +
o.4.1.

• 4:__

STREAH NUMBER 218 2Iq 220

T_NPERATUREt OEG R. 0.327512 03 0.257312 03 O.2_qBOE 03
PRESSURE. PS_A 0.320002 03 0.315102 03 0.320002 03
LIOUID FR_CTION 0.0 0.0 O,lO000E Ol

VISCOSITY. CENTIPOISE 0.175682-01 0.15539E-01 0,98611E-01
THER,COND,t BTU/HR-FT-F 0.B2562E-02 O.qO002E-O_ 0.33261E-01

DENSITY. LR*MOLE/FT•*3 0.5_908E-01 0.57277E-01 0._157_E O0
SURFACE TENSION. OYNES/C _ 0.0 0.0 0.325232 Ol
PR_NDTL NUMBER 0.9_505E O0 0.317172 O0 0.268072 O|
DEw PT. / BUBBLE PT..F O.32Bk|E 03 0.260462 03 0.237_E 03
ENTHALPY. RTU/LB-MOLE O.II802E OS 0.776342 O_ 0.19651E 04
SPECIFIC _EAT, BTU/LB-_O-F O._21ZOE 02 0.135712 02- 0.275_9E 02
FLOW • ENTHALPY. RTU/H_ 0.0 0.0 0.0

COHPO$1TION. LB*HOLES/HR

1 HYDROGEN 0,0 0.0 0,0
NITROGEN 0.0 0.0 0.0
ARGON 0.0 0.0 0.0

4 OXYGEN 0.0 0.0 0.0
S CARBON MONOXIDE 0°0 0*0 0.0
6 CARBON DIOXIDE 0.0 0.0 0.0

? METHANE 0.0 0,0 0,0
B HYDROGEN CHLORIDE 0,0 0.0 0,0

_|LANE 0,0 O,_OB_E Ol 0.3_0902 Ol
lO NONOCHLOROSILANE O._09SE'OI 0*7_167E 02 0,_19322 02
1101CHLOROSILANE O.?2_gE Ol 0,3_6_5[ 03 0.26905E 03
12 TRICHLOROfiILANP 0,7_B_E 03 0,53_q0E 02 0._66_E 02

13 SILICON TETRACMLDRIDE O,l_BBE 02 0,207892-01 0.17360E-01

14 CHLORINE 0.0 0.0 0.0
IS STE_H/WATE_ 0,0 0.0 0,0
16 TOTAL _OLES 0.772162 03 0,_7791E 03 0,399072 03

221 2_2 223 22_

0;249802 03 0.269B02 03 0,122002 03 O.12_OOE 0.] .....
0.314002 03 O.SSO00E 03 O.S_900E 03 O.5_BOOE 03
O,IO000E Ol O,}O000E Ol O,IO000E O1 O.IO000E 0l

0.98611E-01 0,98610E-01 0,198422 O0 O.16BB_E O0
0,332_1E-01 0,332_1E-0! 0,50_65E-01 0.5153qE-Ol

0.6157_E O0 0.61574E O0 0.756302 O0 0.70B95E 00
0,327022 O! 0.261962 Ol 0,59902E Ol 0._757_E Ol
O,2_BSBE Ol 0.2569BE Ol 0.2B09_E Ol 0.213522 Ol
0.2_5482 03 0.29832E 03 O.2_BIOE _3 0,1912_E O_

0.196782 04 0,}B3_9E 06 -0.285262 O_ *0.159842 O_
0.252822 02 O.3562BE 02 0.292102 02 0.266622 O_
0.0 O,O 0,0 0,0

0.0 0+0 0,0 0,0
0,0 O*O 0.0 0,0
0,0 0,0 0,0 0.0
0,0 0.0 0.0 0,0
0,0 0°0 0.0 0.0
0,0 O.O 0,0 0,0
0,0 0.0 0,0 0.0
0,0 0,0 0.0 0.0

0,408262 Ol 0,673_52 O0 0,673_5E O0 0,121_12 02
0o741672 02 0,_22352 02 0,1223_E 02 0,10651_ 02

0.346152 03 0.5710_E 02 0,5710_ 02 O,2hBq_[ 02
O.S34qOE 02 0.182372 Ol O,BB23?E Ol O,2BSI7E 02

0+207_9E-0| g+342q_E-02 0.3_2q_E-02 O.?BIB?E O0
0,0 O,O 0.0 0,0
0,0 0.0 0,0 0.0

0,47791E 03 + O,;_B3BE 02 O.?BB3BE 02 0.78B37_ 02



TABLE C-Ill:

(continued)
1000 _ff/YR COMbfl_RC1:AL PI,ANT PHYSICAl,

PROPERTIFS FOIl PROCESS STREAblS (ISSUE 1_

STREAM NUMBER 225 226 227 230 231 212 233

TEMPERATURE, OEO F,
PRESSURE, PSIA
LIOU|O FRACTION
VISCOSITY, CENTIROISE
THER,CONO,, BTUIHR-FT-F
DENSITY, LB-MOLE/FTe*3

SURFACE TENSION, OYNES/CH
PRANDTL NUMBER

OEW PT, / BUBBLE PT.oF
ENTHALPY* BTU/LB-MOLE
SPECIrlC HEAT, BTUILB-NO*F
FLOW , ENTMALPYt BTU/HR

COMPOSITION* LR-MOLE$/HR

0,26701E 03 O,2b70IE 03 -0,257082 02 -0.2570BE 02 -0,2570BE 02 -0,2570BE 02--0,2570BE 02
0,360002 03 O,3bO00E 03 0,354002 03 0,35510E 03 0.35_102 03 0,360002 03 0,374102 03
O,tO000E 01 O,IO000E 01 0,0 0.0 O,IO000E O[ O.IO000E Ol 0,0
0°100882 00 0,100882 OO O,tO3BBg-Ot 0,103962-01 0.B67242-0_ 0,5672_E-01 0,10560E-01

0,3523BE-01 0,3523BE-01 o,gBT06E-OE 0,9882_E-02 0,46522E-01 0.46522E-01 O,IOIOIE'OI

O,SG31BE O0 0,563172 O0 0°110082 O0 0°11066E O0 0°902352 O0 0,90235E O0 0,121222 O0
0,35296E Ol 0*35296E 01 0.0 0.0 0*306952 01 0,30507E 01 0,0
O,2lgS?E 01 O*2tOSgE Ol -0,17099E O0 °_,_7_93E 00 0*20566E Ol 0,205662 Ol -0._69862 O0
0,_6769E 03 0,26?69E 03 -0,198562 02 -0°196432 02 -0*)9B36E 02 -0_]B698E 02 -0,I6028E 02
0,304892 04 0,304892 04 0,14093E 04 0.14093E O_ -0.220032 04 -0,220032 04 0.I_093E 04
0,336?gE 02 0.336722 02 0,22396E 02 0.22396E 02 0*22396E 02 0,22396E OZ 0,22396E 02

0,0 0,0 0,0 0.0 O*O 0,0 0.0

1 HYDROGEN 0.0 0.0 0.0 0,0 0.0 0.0 0,0
2 NITROGEN 0,0 0.0 0,0 0,0 0*0 0,0 0.0

3 ARGON 0.0 0.0 0,0 0,0 O*O 0.0 0,0
4 OXYGEN 0,0 0.0 0.0 0,0 0*0 0.0 0°0
B CARBON MONOxIOE 0,0 0,0 0.0 0.0 0.0 0.0 0.0
6 CARBON DIOXIDE 0,0 0,0 0.0 0,0 0*0 0,0 0.0

? METHANE 0,0 0.0 0,0 0,0 0.0 0.0 0°0
8 HYOROGEN CHLORIDE 0,0 0.0 0.0 0,0 0.0 0.0 0,0
9 SILANE 0,36568E 00 0,36572E-04 0*11825E 02 0,378402 02 0.)17072 02 0.26015E 02 0.118Z4E 02

10 MONOCHLOROSILANE O,I04SOE 02 O*|0451E'02 O,O 0,0 0_0 0.0 0,0
11DICHLOROSILANE 0,26894E 02 0,26896E-02 0,0 0,0 O.O 0.0 0.0

I_ TRICHLOROSILANE O,ZBS|GE 02 0,28_1BE-02 0o0 0°0 g,O 0°0 0,0
13 SILICON TETRACHLORIDE O,?BI?;E OO 0,78182E-04 0.0 0.0 0*0 0.0 0,0
14 CHLORINE 0,0 0*0 0,0 0.0 0,0 * 0.0 0,0
15 STEAM/WATER 0.0 0*0 0,0 0.0 0.0 0.0 0.0
16 TOTAL MOLES O,b?OObE 02 0.b?0122-02 0.118252 02 0.37840E 02 0._1707E 02 0.260152 02 0,1182_E 02

",-.

!'_,

. ;,,,F,•,_.

STREAM NUMBER 234 235

TEHPERATuRE, DEG F, 0,12600E 03 0,12600E 03
PRESSURE, PSIA 0,374102 03 0,600002 02
LIQUID FRACTION 0.0 0.0
VISCOSITY, CENTIPOlSE 0,12786E'01 0*122622-01
THER.COND,. BTU/HR-FT-F 0*13768E'01 0*12687E-01
DENSITY* LB-MOLE/FT**3 0*66750E'0| 0,97094E-02
SURFACE TENSION, DYNES/CN O,O 0.0
PRANOTL NUMBER 0,69854E O0 0,638362 O0

DEW PT. / BUBBLE PT.,F -O.160ZBE 02 -0,11544E 03
ENTHALPY, BTU/LB-_OLE 0,29S48E 04 0.32939E 04
SPECIFIC HEAT, BTU/LB-MO*F" 0,9987SE 01 0.876942 01
FLOW * ENTHALPY* BTU/HR 0,0 0.0

COMPOSITION_ LB-NOLES/HR

I HYDROGEN 0.0 0*0
Z NITROGEN O*O 0.0
3 ARGON 0.0 0.0
4 OXYGEN 0,0 0.0
S CARBON _ONO_IOE 0,0- O*O
6 CARBON DIOXIDE 0.0 0,0
? METHANE 0,0 0*0
8 HYDROGEN CHLORIDE 0,0 o*g

q $1LANE 0,11624E 02 0,11824E 02
10 MONOCHLOROSILANE 0,0 0.0
1| OICHLOROSILANE 0,0 0,0
12 TRICHLOROStLANE 0,0 O*O
13 SILICON TETRACHLORIDE 0,0 0*0
14 CHLORINE O*O 0.0
15 STEAM/WATER 0,0 0.0
16 TOTAL MOLES 0.11824E 02 g.118242 02

236 237 238 239 240

O,32?StE 03 0.15BOOE 03 O.2l?eeE 03 0.267012 03 -0,2STORE 02
0,320002 03 0,85000E 02 O°SGO00E 02 0.360002 03 0°354102 03
0.100002 OI 0.100002 01 O.}O000E 01 O.IO000E 01 0,0
0°997672-01 0°22948E O0 0°247232 O0 O°IOOBBE O0 0°t03882-01
0,425B02°01 0,47571E-01 0°43_B32-01 0,35237E-01 0,987172-02
0._50_8E O0 0.583212 O0 0,44789E 00 0°56317E O0 0.11013E O0
0,3182BE OI 0°116252 02 0,}1397E 02 0o35296E 01 0°0
O*lB?lEE 01 0,2708_E Ol O*2?SIBE 01 0.21059E Ol -0,170992 00

0.327832 03 0.201992 03 0.a1932E 03 0.26769E 03 °0.19836E OE
0,532632 04 °0.528522 03 0,28212E 04 0.30_89E 04 0.140932 04
0,449282 02 0,315862 02 0.337132 02 0,336722 02 0.223962 02
0,0 0,0 0.0 0,0 0,0

0,0 0,0 0,0 O,O 0,0
0,0 0,0 0*0 0.0 0.0
0,0 0.0 O*O 0.0 0,0
0.0 0.0 0.0 0,0 0,0
0,0 0,0 O.O 0.0 ....... 0,0

0,0 0°0 0*0 0,0 0,0
0,0 0,0 0*0 0,0 0,0
0,0 0.0 0,0 0,0 0.0

g,O 0.0 0.0 0.365?2E O0 0,118242 00
0,q42782"02 0,942782-05 0,0 0.I045|E OE 0.0
0*17661E Ol 0.176612-02 O.|56TSE-01 0,26896E 02 0.0
O,2BS30E 03 0,285302 O0 0,B21482 Ol 0°285172 OE 0,0
O,G8_lBE Ol 0,68418E°02 0.)9605E 03 O,?BIBEE O0 0.0
0,0 0,0 0,0 0,0 _.0
0,0 0,0 0.0 0,0 0°0

0.29392E 03 0,_9392E O0 0*2042BE 03 0,67011E 02 0,11824E O0

5,._L";!._.,
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TAP, I,I! c",-III : 100o bfr/Yll CObBII!RCIAL PI.A._'T PtlYSICAL

PROI_I!R'I'IES FOR PKOCt_SS STRI!A_IS [ISSUE 1)

STREAW _UMBE_ _ _3 300 ]0| 303 _0? 308

TEMPERATURE* OEG F. 0.2_70|E 03 O._70|E O_ OeT7000[ 02 O,|5b21E O_ O*11200E 04 0,26000F O* O,|1200E 0_
PRESSURE, P_IA 0.3_000E 03 0.]_000E 03 0.25000E 02 0.20000[ 02 O,a0000E 0_ O,Z0000E 0_ 0.20000E 0_

LIQUID FR_CT|0N 0,I0000E Ot 0,0 0,0 0,0 0,0 0,0 0,O

VISCOSITY, CENT|POISE 0,BTLB2E*0! 0,160_8E-01 0,I1295E-01 0,23056E*01 0,_7579E-01 O,30;l_E-01 0,19253F-0|

THER,CONO., HTu/HD*FT-F 0,3_6_8E-01 0,q6624E-02 0,10989E*01 0.29363E 00 0,8868|E-01 0.3q09WE 00 0.2477IE 00
BENSITY, LH-MOL[/FT**3 O,Sh]OqE O0 O,b3530E-_l 0,41805E'02 0,q2tSTE-0_ 0,|179_E-07 0,609_[E'03 g,t[Tq_E-_

SURFACE TENSION, DYNES/C_ 0,2B458E O| 0.0 0,0 0,0 0,_ 0,0 0,0

PRANOTL NUMBER 0,1_684E O! O._56qSE O0 O,OSB23E O0 0,66165E O0 O,l_66|E O0 0,74574E 00 0,66S08E O0
0EW PT, / BUBBLE PT.,F 0,2_OQ_E.03 0,2bTt2E 03 -0,14q02[ 0_ -0,27&61E 03 -0*iT*OrE 03 -0,4_83_E 02 -0,45_gE 01

ENTHAL_Y, BTU/LB-WOLE 0,33272E O; O.?OhYlE 04 O,290BSE Ot 0,14|3_E OS O,)07kOE 05 0,2206]E 05 O,I095PE 05
SPECIFIC MEAT, BTU/LR-MO*F 0,23_99E 02 O.105_OE 02 0,8503_E 01 O,72US2E 01 0,45962E O| O,?qBB)[ 01 ¢,?|3llE O|

FLOW * ENT_ALPY, RTU/HR 0,0 0.0 0,0 0,0 0,0 0.0 0,0

COMPOSITION, LR-NOLES/M_ 1

I HYDROGEN

2 NITROGEN

3 A_GON
OXYGEN

5 CARBON MONOxIOK
6 CA_BON 01OXIDE

? WETHAN(
A HyOnOGEN CMLORIOE

g SILANE

10 WONOCHLOROSILANE

It OICMI.OPOSILANE

12 TRICHLOROSILANE

13 SILICON TETR_CHL0_IOE

t4 CM'L0nIN[

IS STEAM/WATER

16 TOTAL MOLES

0,0
0.0
0.0
0.0
0,0
0,0
0,0
0.0

O, 36680E OI
0.27073E OZ
0._51 ORE 02
0.38838E 02
0.93L_6E OO
0,0
0.0

0,1156_E 03

0.0 0,0 0,23531E 02 O*460RQE-O! Q.O 0.0
0,0 0,0 0,0 0.¢ 0.0 0.0
0,0 0,0 0,0 0,0 0.0 0.0

0,0 0,0 0,0 0,0 0,0 0,0
0.0 0,0 0,0 _,0 0,0 t.0

.0,0 0,0 0,0 0,0 0.0 0,0
0,0 0,0 0,0 0,0 0,0 0.0
0.0 - 0,0 0,0 0,0 0.0 0.0
0,33003E Ol 0,11824E 02 0,59122E'01 0.59122E'01 0.0 0.0
0.16622E 02 0.0 0.0 _.l 0,_ 0._
O,lB213E 02 0,0 0,0 0*0 0,0 0,0
0.10321E 02 0,0 0,0 0,0 0,0 0.0

0,|50_4E 0_ 0,0 0.0 O,e 0.0 0,0
0,0 0,0 _,0 0,0 0.0 0.0
0,0 0,0 0,0 0,0 0,0 0,0
0.48_06( 02 O,l1824E'02 0,23590E O_ O,105_IE O0 0,0 0,0

STREAM _U_BER

TEWPERATuwE, DEG r.
PRESSURE, PS|A
LIQUIO FRAcTIo_
¥1SCOSITY_ CENTIP01SE

THER.CON0._ BTU/HP-FT-F
0EN$1TY* LR-MOLE/rT**3

SURFACE TENSION, 0YNES/Cw

PRANOTL NUMBER

OEw _T, I B_BBLE PT.tF

_NTMAL_?, BTU/LB*MOLE

SPECIFIC MEAT, BTU/LB-WO*F

_LOW * ENrHALPY* RTU/M@

C0'._}0SITION, LB-WOLES/_

1 HYDROGEN

2 NITROGEN

3 AROON
40_YGEN
5 CARBON MONOXIOE
6 CARBON OIOXIOE
T METMANE

M_OQOOEN CMLORIDE

q SILANE

|0 WONOC_LOROSILANE

II OICMLOROSILANE

12 TR|CML0_OSIL_N_

|3 SILICON TET_AC-LOQIDE"

14 CML0_INE

L5 STEAM/wATE_

16 TOTAL WCL[_

311 312

OoIS6_IE O_ 0,15001[ 03

O._O000E 02 O.15_OQE 02

0.0 0.0
0,22_33E*01" 0,99894E-02

0,295_lE O0 O.ILT?OE O0
0.9_157E-03 0.2_13_E-02
0,0 0,0
0.67890E O0 0,70920E O0

313 3_ 2wOO _ol "

O,I5001E 03 O,T?OOOE 02 O,lo000E 03 OoIO000E 03
O,SS000E 03 O,500OOE 02 O,aOOOOE 02 0,20000E OZ
O.O 0,0. 0.0 0.0
0,99¢)2E-02 o,91_6_E-o2 0,18380E*0! 0.18380F-o1

O.tIqISE 00 0,1058LE 00 0,15507E-01 O,L$SO?£-OI
0,82300E'0! 0,86632E-02 0,333|1E-02 0.33311E-0_
0.0 0.0 0.0 0.0
0,69_96E O0 0o72_81E O0 0,09967E O0 0,69967E 00

-O.wS_TE 03 -0,458_1E 03 -0,_5843E 03
0,14145E 05 O,_ISOBE 04 0,41696E Ok
0.73199_ Ol 0,6_640E Ol 0,69900E Ol
0_0 0,0 0.0

O.Z]_HwE 02 0,234_4E Oa 0,28610E O_

0,0 0.0 0,0
0,0 0,0 0,0
0.0 0,0 0,0
0.0 0,0 0,0
0,0 0,0 0,0
0.0 0.0 0.0

0.0 0.0 0,0
0.0 0.0 0,0
0,0 0,0 0,0
0,0 0.0 0,0

0.0 0,0 0°0
0.0 0,0 0,0
0.0 0,0 0,0

0,0 O,O 0°0
O,/3_n_E O_ 0,73_4E 02 0,286|0E 02

-O,k5838E 03 -0,31554E 03 -0,11554E 03
O,3B431E 04 O,]BT9_E 04 O,)BTq4F 04
O,bgTBSE Ol 0,_363E 01 0.68363E Ol
0,0 0,0 0.0

0,S1259E Ol 'O,I 0.0
0,0 0.17950E 01 O,Sq_33E O0
0,0 0.0 0,0

0.0 0.0 0.0
0,0 0,0 O.O

0,0 0,0 0.0
0.0 0.0 0.0
0,0 0.0 0.0
0,0 0._ 0,0
0,0 0,0 0,0
0,0 0.0 0,0

0,0 0._ 0,0
O,O 0.0 O,O
0,0 O,O 0,0
0.0 0,0 0.0
0,51259E 01 O,I7_SOE OI 0,_33E O0

_03

O, IO000E _'_
0.20,,OOE 02

0,0
O. 18380_*01

0,15507E-Ol
0.33311F-_?
0.0
0,69q67Fi OG

-0,3155(*E o:_

Q.6_363E 0l

0.0

0,0
0.50090 c1 _l

0.0
0.0
0.0

0.0
0,0
0.0
0,0

0,0
0.0

li,O
0.0
0.0
0,0

0,500_0 r c;

_9



TABLE C-III: ... 1000 MT/YR COHHt!RCIAL PI,ANT I'IIYSICAL

(continued) PROPERTIF, S FOR PROCESS STRENHS (ISSUE 1)

STREAM NUMBER 2404 2600 260| 2402 2501 2502 1500

TEMPERATURE, DEG F, 0,10000[ 03 O.|O000E 03 O,IO000E 03 O,lO000E 03 -0,20992E 02 O.IO000E 03 0,77000E 02
PRESSURE, RSIA 0,20000[ 02 O,70000E 02 O,70000E 02 O.20000E 02 O*qOOOOE OZ 0,51070E 03 O,16000E 03
LIQUID FRACTION 0,0 O,IO000E 01 O,IOOOOE Ol 0,0 0,0 0,0 0,0

VISCOSITY* CENTIPOISE 0,23489E*01 O,§7718E-OI 0,34805E*02 0,18380Eo01 O*qB3RIE-02 0,93727E-02 0,23193E'01
THE_eCOND,, _TU/HRoFT-F 0.11473E'01 O,4_892Eo01 0.38000E'01 0,15507E-01 0,1;090E*01 0,11098E O0 0,10677E*0|
OENSITY* LB*MOLE/FTee3 0,33326E-02 0,8260SE-01 0,68400E'0I 0,33311E-02 O*bqO72E'OI 0,83266E'01 0,27991E"Ql
SURFACE TENSION* OYNE$/CN 0,0 O,B26OSE°OI 0,68400E'01 0.0 0,0 0,0 0.0
PRANOTL NUMBER 0,640SIE O0 O,64SSBE O0 0,76643E O0 0.69967E O0 0.36795E O0 0.70929E O0 0,67124E O0
DEW PT. / BUBBLE PT**F -0,24779[ 03 *0,45853E 03 -0,4583|E 03 -0,3|554E'03 0,21821E Ol -O,4B841E 03 °0,24_6?E 03
ENTHALPY* BTU/LB*MOLE 0,279?2E 04 0,24879E 04 0,38042E 04 0,38794E 04 0.30165E 04 O,3BIBSE 04 0,26299E 04
SPECIFIC MEAT, BTU/LB-NO-F' 0,50770E Ol 0,12344E 02 0,69733E Ol O,68363E 02 O,_5121E Ol 0,69988E Ol 0,51023E O1

FLOW * ENTHALPY, BTU/HR 0,0 0,0 0,0 0,0 0.0 0,0 0,0

COMPOSITION* LR°MOLES/HR

i HYDROGEN
2 NITROGEN
3 ARGON
4 OXYGEN
5 CARBON MONOXIDE
6 CARBON DIOXIDE

? METHANE
8 HYDROGEN CHLORIDE

9 SILANE
lO MONOCHLOROSILANE
II OICHLOROSILANE
12 TRICHLOROSILANE

I3 SILICON TETRACHLORIDE
|4 CHLORINE
15 STEAM/rATER
16 TOTAL HOLES

0,4608gEo01 0,|6583E-01 0.0 0,0 O,45522E 01 0,0 0,0

0,0 0,46044E 01 0,0 0,460_E Ol 0.88491E-02 0,0 0,0
O,31102E Ol 0,0 0,0 0.0 0,0 0,0 O,I0640E 01
0,0 0,0 0*0 0,0 0.0 0,0 0,0
0,0 0,0 0,0 0,0 0,0 0,0 0,0
0,0 0,0 0,0 0,0 0,0 0.0 0,0
0,0 0,0 0,0 0,0 0.0 O.O 0,0
0,0 0,47|99E-05 0,0 0,0 0,23278E'02 0,0 0.0

0,S9122E*01 0,23859E-06 0.0 0,0 O*llBlSE O0 0,0 0,0
0,0 0,31619E-04 0,0 0,0 0,18888E'01 0,0 0,0
0,0 O,5818qE-02 0,0 0.0 O*_B650E O0 O*O 0.0
0.0 0,31873E O0 0,0 0,0 0,21519E°0| 0,0 0,0
0,0 0.1384ZE 01 0.0 0,0 O,823ZOE°03 0,0 0.0
0.0 0,0 0,0 0,0 0,0 0,0 0,0
0.0 0,0 0,0 0.0 0,0 0,0 0,0

0,32154E O1 0,6329BE 01 0,0 0,46044E Ol 0,49088E Ol 0.0 0,I0640E Ol

k.- _"

.d(._*. _.

5TREA_ NUqBER ISOl

TEMPERATURE, DEG F. ............ 0,7?000E 02 0,0
PRESSURE, PSIA 0.16000E 03 0.0

LIQUID FRACTION 0,0 0,0
VISCOSITY* CENTIPOISE 0,23193E*01 0,0
TMER.CONO** BTU/HR-FT-F 0,|0677E-01 0,0
DENSITY* L_-MOLE/FTe*3" 0,27991E-01 0.0
SURFACE TENSION* DYNES/CH 0,0 0.0
PRANOTL NUMBER 0,67124E O0 0,0

0[_ PT, / BUBBLE PT,,r *0,24667E 03 0.0
ENTHALPY, RTU/LB-MOLE 0.26299E 04 O.ff
SPECIFIC HEAT, BTU/LB-HO-F 0,51023E 01 0,0

FLO_ * ENTHALPY* BTUtHR 0,0 0.0

COMPOSITION* LB-MOLES/HR

I HYDROGEN 0,0 0'0
2 NITROGEN 0,0 0.0

ARGON 0,2046ZE Ol 0.0

4 OXYGEN 0.0 0.0
5 CARBON HONOXIDE 0.0 0.0
6 CARBON OIOXIDE 0,0 0,0
? METHANE 0.0 0.0
B HYDROGEN CHLORIDE 0,0 0.0

SILANE 0,0 0,0

tO HONOCHLOROSILANE 0.0 0.0
I! DICHLOROSILANE 0,0 0,0
I2 TRICHLOROSILANE 0,0 0.0
13 SILICON TETRACHLORIDE 0,0 0.0
_4 CHLORINE " 0,0 0.0

15 STEAM/WATER 0,0 0.0
16 TOTAL _OLE5 0.20462E Ol 0,0
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TABI,E C- IV: I.'.QUIPHI-NT LIST, 1.000 MT/YR CO_4ERCIAL PLANT

VESSELS

l!qu i preen t

No. ,.... 2,iq u i.pm(ml, Name

,I!I-02

411 - .0.,I

_421-02 .....

4_!-_o_t.....

4.-.11_.9_,....

4._1-q8 _

421-10

421-12

421-1.1

'1_!r26.......

431-02

431-04

441-02

441-06

451-04

451-06

........... No. " .... ' Haterial Of Cost

Req'd Type Capacity Construction . (lst Q, ';'(
, . • 1 , • J _ _ J

.hi,(;, Silicon Storage B!n 1 Bin 1780 cu.ft, Steel 22,500

!!yd Loge,k S upp 1y.__l_'9C kL_gq .......... 1

bl,!;, Si I icon Lee k !lopper ................. 1__ ..

Waste _S_ett!er Tank ...................... 1__..

}qastg C_.hlqrides Tank ............... ! _._ gert, _T_ank__ ..... 40Q_gal

Qt, enc _ Condenser Receiver ............ 1__. Iortz,.Tank

Crude TCS Stora.g e Tank

STC St or:agq_.Ta n}__

Recvc 1 .e I_)yd.r_qger). Rgc 9iver

Ily_strg.gen Ilumi.difi.er Tal)k -

_S_rrippqr_ Condenser Recclver

Si 1 aDqSt 9rap, eT_a.nk

Product P_pw_ler St p T,a_e - !_pper

Pxrplysts }lxdrogen Receiver

[Aqu£d_.B.urner_. St!rge Tank

Pressure Relief Catch Tank

451-08 . S i.l_L._ca...D u .s.t B.in .....................

451-10 h'aste Silica NeutraliZer

451-12

451-14

S t tong _b_ r. i.a t i:_c_ Pump. Tank

h'eak ._ktTi,-ttic Pump Tan.k ..

!tJriat i¢ aci d .Storage__ank_ ................

Hot Oi 1. F_:..xpa_nsio!l Tank

Tank lSt 000 gal.

Vert. Tank 450 gal:._

L,e t

_!__.. !9.r_i_z ,_..T_a.n_k_

i _PI "rank

1 _ert. "rank

I rert, Tank

i rert. Tank

4 _ert. Tank

14 zert. Tank

1 Pert. Tank

I loriz, Tank

1 Iortz. Tank

1 Bin

1 Bin

1 lert0 Tank

I .'ert, Tank

1 /err. Tank

1 Igriz. Tank

4,_l-.t(_.......

461-02

*% a- .i ch$.?.c_ 9 PlOfq..,, :...lv i_ $ f,_r" lieui,t tank av.d vaporizer coil

Steel Rental*

Steel 13,400 .....

304L Stainless 95_000

Steel 7j100 _

3__g_.__ Steel 17,900

2OtO00_gal t_ Steel 26,300

2:_LOOO____ga!,.- Steel 1__._00_.000____

750 ga1.___ Steel __7600

2,5 ._a1___ Steel 100

70 gal. 304L Stainless 3,S00

800 gal. 304L Stainless 27_300 ca.

65 gal. 304LS_tainless 14,400 ca.

3,400 gal. Steel 5,809

1,30___al,_t_ - Steel 6,300

4_000 gal Steel 11,000

2,400 cu.ft .Steel 21,o90

200 cu.ft Steel 11,400

2,500 gal_ Fiberglass ..... 1_52920 __

2_500 gal, _ibeFglass 1S,O00

5,O00 gal. Fiberglass 8,700

350 gal..Steel .[5,000 ....

REACTORS

Fqu Lpinent

....No,

425-02

,135-02

435-04

445-02 P>'rolysi s Reactor

lhl!!!.p_?.u.nt Name ,,, Req'd]

Ilydrogeneration Reactor 1

TCS Redistribution Reactor I

DCS Redistribution Reactor 1

14

* il_cludes cost of cat;nlvst"

_Yne _

Fluid. Bed

Packed

Packed

Free Space

DJ ameter

2.5 ft.

6 ft.

2 ft.

1.5 ft.

lleiN_t

21 ft.

25 ft.

25 ft.

6 ft.

Hat erial Of Cost

Con_teuetJon (lst % '79

Ineoloy 800 142,50o

Steel 89,300*

Steel 20,700 +

Quartz-lined 23,700 ca.

C-24
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'rABI,[! C--,ZV (conttnued): Et_IIIIflqI!NT l, IS'r, 1000 _fl'/YR (_OHHI!RC1AI, P1,ANT

PIIMps

I!qu i ]'rowB t

Nn. I-t[p_LpmOlZ[ Name

.].]b-O. _, i(_tlellCh Colltactor P|llllp

,|2b-O,l Quench Condenser Wash Pump

.12b-Off Recycle STC Pump

_ il_3t_-(1__2 ,. q'CS ,.!)!st i l !,ate I]!lm I,

•13(_-0.1 PL'.S I)i,_ttllate Pump

•156-02 Hur_at[c Acid Pump_

,156-06 Si l [c;i Venturi Pump
I

,166-02 illot Oil Punl I)

i .161)-0,I (iooiin.t,_ Water Pure)

!e!l__l_.

1

1

I

2

1
Ih,. i ,'ll

Contri rlig;il 5titi i',1')1

Ilialdli.agnl 6. ? (;l't.I

.... "i)-TYll;in'a!!in (,l) i;l'._i

Iliapl r;lillli I 8{I GI','4

l 1)i aph r:i!ltn 12il iIPH

2 Ccllt r i fiit..;i I O0tl GI'I,1

1 (]eilt r i rtig:i 33(1 (lp.'q

2 Cent r i fill'.;i 1 (_0(1 c,1'$1

_Lvt'rt. Tu i'll .' .1l lm (:P$1

lie,; i i_

Ih.:ld

IOii PS1

70 I'ql

5!;0 PHI

3i10 I'_-;l

..,0 I'bl

UO PSI

.I (I p,q I

Q!_I,sL._
75 PSI

'.,l.II eVi a I (1t"

_J'o_II.liJJ'_ll2:.!_iJ) n _ <

(';i_ll lrnn/30.I S,q

SI l't'l

F;I ve I

Steel

Slt, t'l

Fiberglass

!-,_!_.t__

7 j [,00

71 ll(hl

I 8 j O(iO--

_4.'41 (ll}O e;l,

_ j l)(It) +.

bl 6011 C;l,

F i be rg I a.<;s 2,3 0 ()

llucti_ly - l:?m .. _ ' 5, 50_tj. {,a_.

.11o SS !10,700 C;l.

lSqui pl_en t
,NO,

•l l 7-02

437-02

Equipr.lent Name

M.(;. Silicon Unloading Filter

Crude TCS Filter

457-02

,157-04 Combustibles Vent Filter

,157-06 Silica Bag Filter

Si lane Ultra-Filter

Non-Combustibles Vent Filter

F I LTEItS

_O.

Req 'd

I

I_t'si l;n-
Type C:ip:ic i ty

Bag 5(10 (,PH

Edge 65 GP,H
I

I 4
m,,_ -77}7(;7{71;:i
Bag i 50 ACF.'.I

2 -" Bilil . ..... [ 25, OOt)',.\CFb!

I'nrt i ¢ 1__, .tl{%ti'r i a 1 Of

,_; i :t e (lOllS t l'Iie t i OI1

Steel/Polyeth,

351t

0.3i_

III

Ill

liJ

Cos t

600

Steel 500

31b SS - 250 ca,

St eel/Pol),eth. 900

Stcel/Polyeth. 600

" S tee 1/ po i Yt, rop --- _5, 0i_13-_,_; _....

SOLIDS HANDLING

Equ i luuent
NO.

.12S-O2

,15S-02

,158-04 Silica Drum Packer

,15S-06 Silica Rotary Air l,oek

Ikiui l_ment N;uno

.Ij)'drogeneration Catalyst Blender

Silica Collection Cyclone

,m'<l'_l1

l/
l

7771
1

H:ltcri:ll t$f !('ost

'rv._e (];ipilt. ilv (_Oll,;ll'llclioil (]st t I, 17{))

Tl¢lil Shell 50 etl.ft. St'eel [ 19,100

Vibrator)- One' drum/ini i_ut e Steel [ 2,9(10

Rotary V:llle 120 t'FH solids .qlet,1 [ tj,;{-(5{)

COHPRESSORS

Equ i pInellt
NO.

,123-02

'1'13.02

•1,13- 0,1

.h,3-O,.

,153-o.1

Nil ] Ik, sii,n Ih'_i.tln H;lteri:ll tit' Cost ]
Equipmet_t Name lteq'(I I Flow }It, zltt t]ollt;triletioil (Isl i}, i"9) .'

---- 1 55 .,WF.H .... .<loi>s.!..... s,e,,i _15_0, j?(!?

2110 A('I:H 530 PSI Slet'l 115,000

1 , . ........ 2........ ii;iT_iif* .....

Agglomerator Blower l 1>5_O0o A(?I:,'.I I n i'n. h'.('. :4tccl 1.1,(100

Waste Gas Induction.... Blower ----_---" .'._,,Omi".xcr,,ll Oo In. w.c.- ---_7t-{,{,i ........ }5, O(_b e;

*[tern cost is Included tn item cost COi'r.";l_Olldilll', to thi:; t'tJllilW.lt'Dl tlllllli_t'i'.

Rt_d o en Corn ressor

_._P'rolysi_, IIydrogen C0mp.:..lst - Stal, e

Pxrolysls Ilydrogen Comp. 2nd Stage
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TABI,I!C-IV (conti.ntted]: EqUIPMF.,NT LIST, 1.0.00 ' _IT/YR CO_IERCIAI, PLANT

l'qu i l_met+t

+_+h+.+_..__

%,+-.,

,I _ 2-_,1,I

,1_2-06

!.132-08

............................F;,7-
. I,i_jLh.nt N..uo lh.t_f+I

T"

SI 1"_ pl+m r {'.o 1tl+nll ..... I I

'rcs Column " - I l

!

I)CS Column . [. 1

St lallo (_O]lltIIll / , _

COI,UMNS

___?o

'r'rayed ........

'Irayed ..+

'rray,+d .....

Tl_ilyed .........

Pricked _.

11 i ;If'W, t o I"

2.5. £ti.

__ 6ft,

....... fi...ft..

_I. 5 -.ft..

! 4 ft,

Numbc.r Nalerial <')I:
(Jr ]'I';IV:_ (:one+ t rllt' t i Oli {:o:; t

..... -25 ......

30 ......

.... fir .......

. .+ 58 ....

15 ft. pack

.... +Stccl .....

..... Ste._l.......

304L St-',inlcss -

Fiberglass

__2&,300 .....

. S6,?O0 ._

xaa,_oo .__

-54,300----

is,sea

ItEAT EXCItANGERS

iJ

t
_. !
";- C.

Equi pment
No.

4 +,l - 0.

42.1-0,1

434-02

,134-04

,13,1-06

434-08

No.

Equipment Name Req'd

Quench Condenser I

Recycle Sl'C Valmrizer i

Stripper Condenser --. l__

St ripper Reboiler 1

TCS Column Reboiler 1
,+_

'I'CS Cohmm Condenser 1

434-i0

i

Design Duty Haterial 0£

Type [ [Btn/llr) Construction

Fixed Tbsht 9,840,000 Steel/Cupronickel

Kettle 4,450,000 Steel/304 SS

Cost

[lst qj '79)

77,500

8,400

Fixed Tbsht 350,000 Nickel Steel 4,200

iKettle 1,630,000 Steel 5,000

Kettle 8,180,000

Fixed Tbsht 8,630,000

DCS Column Rebojler 1 Kettle 5,980,000

434-12 TCS Cooler

43.1-1,1 l)CS Column Condefiser

,13,1-16 I)CS Cooler

43.1-18 SJlane Column Condenser

43,1-20 Silane Columtx Reboiler

" 9O,1._.1-._ Si lane Superheater

,13.l- 24 STC Cooler

,l 3.1- 26 Silane Vaporizer

,13.1-28 Silane Stora}le Cooler

,1,1.1-02 Pyrolysis tl),dri,;un Cooler

,1,1,t- (14

,15,I-02 biuriatic Aci.d Cooler

1 Fixed Tbsht 2,480,000

1 Fixed l'bsht 3,500,000

Steel 9,700

Steel/Cupronicke ! __1.5?? O0

steel 9,700

Steel/Cupronickel 6,100"

Steel/Cuproniekell S,O00

1 llairpin 380,000 Steel 800

1 Fixed Tbsht 160,000 Ni Steel/304 SS 4,400

l Kettle 580,000 304 SS .... S,'lO0

1 lJairpin 23,000 304 SS 2,800

1 Hairpin 790,000 Steel 800
i ......

4 Finned Pipe 60,000 304 SS 5,400 ca

_nternal _
4 _ott 20,000 304 SS 1,_,,0 e_

1 I:ixed T1)sht 320,000 Steel/Cupronickel 5,300

_ r,yro_lys_is_[!.z_c o,_,!!b.,ij_E?.rcpel e._r___ 1 Ira t..rpin 224,000 _ Steel ,143-02"

1 Fixed Tbsht !,230,000 Steel/ilastelloyB i 2s,o07

* Item cost is included in item cost corresponding to this equipment number
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TABLEC.-IV (continued) : EQ!HPMF.NTJXST, I000 MT/YR COMMF!RCIAI, PLANT

MISCELI,ANEOUS

Eq.ipment ............ I No,
No. liq u i pment Name Req I d

4.9-0. Quench 6 Solids Removal Contactor I

429-0,I Gas, St.lperheater Furnace I

I429-06 ,,, Recycle STC Superheater ...............

429-08 Recycle llydrogcn Superheater 1

439-02 DCS Distillate Pump Accumulator I

449-02 Storage Hopper Accumulator 1

449-04 Product blelter 14

,159-02 Silica Venturi i

459-04 Strong bluriatic Sc_aabber 1

459-06 Weak b_riatic Scrubber 1

459-08 Waste Gas Burner #i 2

459-10 Waste Gas Burner #2 1

459-14 Waste Liquid Burner 1

459-16 Silica Agglomerator 1

469-02 Cooling Tower I

469-06 Cooling Tower blake-up 1

, 4.69-)2 Refrigeration System I

469-16 Hot Oil lleating Furnace 1

Design

Specifications

2]0 AC:FM gas at suction

5.57 bibs Btu/hr fired OUtlmt

3,680,000 Btu/hr duty

i, 890, O00.Bt,/hr duty

1 cu,ft, dry heal accumuh, tor

2 cu.ft, dry seal accumulator

12 in. crucible, 80 KW inl>ut

24,000 ACFbl gas at suction

20,000 ACFM gas at suction

20,000 ACFbl gas at suction

Material Of

Cellstructioll

304 stainless

Cost

(lst Q, t79)

"" Steel/Firebrick

304 Stainless

304 Stainless

Steel

Steel

Quartz Crucible

Fiberglass

Fiberglass

Fiberglass

Steel

Steel

Steel

Steel

Wood

Steel

15,00o

44,000

429-04:"

429-04*

1,200

400

50,000 ca.

30,000

4,500

4,500

32 SCFM waste gas 10,300

28 SCFM waste gas 12,600 ca.

80 GPll waste liquid 12,900

9,160,000 Btu/hr duty 30,300

4].00 GPN recireulation, 2 cell ' 45,200

93 GPM makeup 8,200

65 tons @ -40°F brine 250,000

31 _bl Btu/hr duty.. 81,000

* Item cost is included in item cost-corresponding to this equipment numbc_ ...........................................................................
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bhl _

'f_.'MI!'.I-.Q'3(.: ........ /!Qtrl Pt, IFNT ,'4P1!(:1 FICATION, IIYDRO(II-!NATION RI:!ACTOR

1,s_ue Date q/31/"tl

r_,v_pl, tx f_:,l:,,H . "

lot lPI.II ._11 flu I.,!,-o.?

[{}lilt'HI I_l I:;dll Ilydl'_t'.t'll I iOII Rt':lCtOf

NO. RFI.IP one I11

PRO,} ECl NANF .I0._o!___fl',fY_r t_:gmm._e!"_]LLLPl un t

lypt" Reactor: P',lckod [2

Fluidi:_'d lh'd _ Free Sprite [_

Rt',It?tOl" _l'Ollit'tl')' (St't? Sketch)

tlt:'itlh[ 30 ft ovt't':|l|

Didlnt'tt'l" .'.S fI .X I_ fl

]t'lllpt*l'd'_lll't ' , Opcratin 9 ..... tppt}t.+F _ ......... Desinll ......... llt!O°lL ............

Pl t't,!,tlrt,, l"pcr,_tin(l _ . . + 51!_ p,'.i? .................... [le':ziqn 615 _si_ L...........

luml,_'v,'_ tu rt, Con I rol l'lt, tho d ;';upe rhea t t' r t..['ir iI__21_....r:).t3.-con._t rg.l_s _rt'_a_:337 r; en l_t,r,ltkt_t.L_ _

Ih'att; of Reat:ti-',u

S k cal,'_., tattle tt'ndt_thermic'l

Inlet Strp,uu,; _!:!llortmil:mes, )'t 'o!,en, l,u, talluri,L:_sili£on

r.Lltcrial uf ('tm,,tl'ucti0n lt_colm, sou

Ri bIARKS :

t'onic,tl inlcl'n,llr; ;ll't, r:ht't't IIit, lal alld Sel'Vt, to distribute feed:.

,it I_t_lttWl dlhl rt'dllct, t'ddyilll, IIt',ll' top tO I't'dll'.'t' t.'al'l'vt',vt'l" 0|"
f i 11t'!; .

t
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TAI_I,I! C-VT : fiQill PHI!NT SI'I:(:I I:I (TAT iON _,. S'I'RI I'I'I!I_ C(II,IIIHN

Issue Date 31_I/",

Rev_IIHI I_ l_,'ep,,rl

EQUI PMENT NO. _- ,! 3-.02

EQU I PHENT NAHE _.C_!izmm

NO. REQD - . one (11 ,

PROJFCT NAME.LOL_O.2_!Tr Co,m:_.rci:,l rla.t

Col umn Dimle.ter 2.5 fl

Column Height 30 ft

Feed Tray(s) l aml I,R

Pe_siqL_Duties

Reboiler 1_(_30_000 Btu/hr

l:Olldl'lls el" _,_,S, (l|l L) Btu/i_"

No, of Trays "_

Type of Trays Sin_;le l'a_s ('_-J_._,'

Tray Spacing 8 inches

COIIlIL_Ct i 011._ : Feed #1 3", Feed #2 |", Reflux 3"

Boilup .I" Rottmns ",_ ip I.')Vol'-

he;Iris .H,

External Reflux Ratiol.-_J3 ...............

I_ii_LH_! Pe,j_itv_]b/r_3

V_apor_l_epsitj,._)I_Ii't_
Liquid Vigcogit.v, c_.

"V;fiio_: VI s i!i,,F_t,' :--_:';_"
li.q_L_S P. IIt.,.Btu/Ib --F--

"V-a_a_.R.,_ ltt"£-, _C_T!li¢.... _'---

]tFI_ _v-IW-TDiLiu31 i Lv

(:olhmn ]gJL.........
89. ,I

I. 3.1

l]__s 1

,ll.fl_l '

_Ol

5.90

" • J,(_

........ Co_lu?-_jL'_i_pt tom

IL...LI

, ,, _l_(ll,1

........ 0.22_

. _u_£bS
9, .I.1

,!.92

I.i(lht Key llydrogen ,'_uli'ide Heavy Key.

l%ximtlm Solid Size 5o Itti_,'roHs

Naterial of Construction 3'; Nick,,l _leel

RFMARKS '

Trichloro, i I,me

Desi(In Temp. ;i : °F -50°F

pes, ign Press, lIb p'_in
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IJ':?J.JL.!::Y.L_"...... ,A_L,M_./,!m's_'i!cI l;_t_:._Tm%'I'CS {:OI,LIMN

I

1 '

L

, ,m, ._

Issue Date ;_.C+.....!L+!,__._.
Rev,y!ll2=IX RL_jmrt .,

[QUI {'._IFNTNO. .l;.'-04

EQUI['P_t.PllPlAttE 'l'C,gC,_tu,:m

NO. REQD _,,_"111

PROJECTNA_I[ ttIOtlt,fl'l\'rtlommorci:fl l'hmt

Coltmm Pi_',,,ote,. ¢, CP

Column Heir ht 30 i't

Feed Trays(s) 5 :rod IS

Pesiqu {luties

}__'bO i lC r N, I _}1,(I011 {_it ill'hi"

k'or_dc?r_er 8,S0| ,000 |',tt.1"h?

No.+of T rays 30

Type of Trays sii_.de I'ass (lrossflow

Tray Spacing 7 i,whes

(_011 lle¢ t" i OIIS : Feed #I 0", Feed ++2 3"+

Reflux Y', Boilup O"p

.............................................. -t:_li,F,_

tj_tz,!,t r,,,_..j!.,. )t-,A"
V,II!Ol' (1,,n,,i Iv Ib"tt"

I iq!lid _;isc_,-itv, cl_
-V,_m" V{:.c,',,itv. _",, " ...........

t iq. St+. llt., i+tt;..!h _ of+.
r

SIlrt',t,.'t' lt'n'. 1o,1, t+;',i,._Clll .....

"_,lTfi +T?_,_Iii+Fi,_v

t ioht k¢'y i'ri,:hlt,ro,;i I:mt,

7_2.5
I.08

75.i
I. 20

11. 2L& li + .'b
o.Ot,_ o.0_ 1

(+,..',I .I

O. l.l .'

MaXil;Itlt,I Solid Si.'o i,o ,,,i,',',,._s

N,_tt, rial of ('onstructiotl _t_,_,l

l.+,t,_AtI,kS:

1.'.0

1."5 .,.21

}Ieavy Key

11..'(|l

0. J., .+

l{.t,

Si I i,,'on T,,'t racillorid,.,

}lesi_lt_ T_.'t_+I+.__ 3t0%

DosioI1 Press. 90 {+,;ia
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I

'YABI,I_ C-VIII : EqLIII"MI!NT St 1-(,IFICATIOh:, DCS (',,OI,LI_IN

Issue Date_! T',.,__
Rev ._lonI_rt/_____

EQUIPMENT NO. .t_2-0(,

EQUIPIIENT NAPIE DCS Cob,ran

NO. REQD One (I)

PROJECT NAMEInO(_ ._fl'/Yr ("om,,orcialI'l;ml

Column Diameter 0 ft

Column Height S2 ft

Feed Trays(s) 39 and. S3....

Desi q__.+..._!Duties

Reboiler 5,976_000 Btu/hr

Condeltser 3,504,000 Btu/hr

NO. of Trays

Type of Trayf

Tray Spacing

62

Single Pass Crossflow

7 inches, 8 inches

Cottnectious: Feed #1 3", Feed #2 I",
Re£1ux 3", Boilup O",
Bottolns 0", Overhechls 6"

External Reflux Ratio 5,06

liquid Density .Ib.lf_3

V__gI_O!Lt_)easY t Z I b/ft"
Liquid Viscosity, cn

-V_T__FCC-T£. ^ -
-L-iq. Sp. Ht., Btu/lb---_F

Column

00.9
5.t)7

• (l.(lI(_
0.27o
0.137

1..11

_C+oTurm Bot toI':

(,1.3
7..I (_
u. iu

O.OlS

0 +.3.07
O, 195
3. t9
1.57

Lioht Key. Dichh)rosihme

Maximum Solid Size 5o microns

Material of Construction Steel

RFMARKS:

Heavy Key
Trichlorosl lane

ItlO°F

415 psin

I

I

t
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T.,\BI,I!C-IX: ---_-I!OtlIPIHFNT-".....,SPI_CTFICATION, SII,ANE C.OI,tJbIN

Issue Date 3131/79

Rev H()I_ix _Rep_'i

EQUIPNENT NO. 43.:-os

EtglIM'IENT N/VIE Silane Colmnn

NO. REQD One (I)

PROJECT NAME I000 _rr/YrCononercialPlanl

Column Diameter .....I,S ft

"Column Heiqht 4S ft ..

Feed Trays(s)- 11

No. of. }rays . 58

Type of Trays . S_nXle Pass C._'.O,_F.flm,.

Tray Spacing ? inch..o.sjS inches

Desi(1_Duties

Robotic1" S,_O,O00 _ttlln"

[:ondellsel ° lotl_O00 Bt u,/hr

CoIIIIOC t i oils : Feed 2", ReClux 1", Boilup 3",
Bottoms 2 't, Ovcl'hcads 1"

External Reflux Ratio 2.2o

3
_(t _D3.ns i tv Ib/f_;

Vanor Density Ib/ft"

Liquid Viscosity, c{)

Lin, _t_. llt., b_u, lb . F

villi.._s,llL, • , L[_/IO l

(1_(IS7

{l,70(l

(I.09S

C-.-o_iurm Bottom

5.,II

II.LI)

0,017
O..q).l

O. 1.';7
3.05 3.52

-Relative 1o_I_ ty ". 131 'I.9.12

Light Key_ Silane

Maximum Solid Size 5(i microns

Material of Construction 3{_I I sta

REMARKS :

lleavy Key. ll|l,orane

Desi.qn Temp. 3nn°l , -50°F

. I,,_. Des i qn Press. (_ljLj,__ j a .........

C-32



TABI,r! C-X: EOJlIPBII!NT SI_F.f:IFICATION, TCS I{1H)IS'IRII;!!T]ON I{I!ACTOR

Issue Date 3131/79

Pev ,',_TJG_IL-_-/

EQUIPMENT NO, 4-35-02

EQUIPblENT NAME TCS Redistribution Reactor

NO. REQD One (I)

PROJECT NAblE lOOt)MT/YR Commercial Plant

Type Reactor: Packed

Fluidized Bed _ Free Space [-7

Reactor Geometry (SeeSketch)

Height 2S £t overall

Diameter 6 ft

Temperature, Operating 160°F Design

Pressure, Operating 310 psia Desiqn

Temperature Control Method Pve-coolevwith b>]_ass control

Heats of Reaction

None

Flowrates:

Inlet Streams

Effluent Streams

Material ofConstruction

REMARKS:

200°F

•115 p.sia

Chlorosilane l,iquids

Chlorosilane l.iqu_ds

Steel

15 ft packed height usinR amine-based Ilohnl ,} Itaas .\-21 c:ltalvst

--4
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TAIH,I! C-XI I!QUII'MF.NT S} h(,] FICATION, DCS RI!DISTRII_UTION REACTOR

Issue Date 3/._1/79

Pev._L.l.XJbzpo_'__

EQUIPMENTNO. 435-o.1 •

EQUIPt,IENTNAt.IE DCS Redi,_t1"ibutiOll Reactor

NO. REQD One (i)

PROJECT NAME_YR Comm_e_rc_J_IU_ikt

Type Reactor: Packed _]

Fluidized Bed F-] Free Space F_

Reactor Geometry (See Sketch)

Height 25 rt overuJ1

Diameter 2 _'t

Temperature, Operatinq 120%

Pressure, Operating 5o5 l_si-_ I

Temperature Control Met:hod l'1"e-coolel" with hvl);ISS control .

Heats of Reaction

None

Design_°F__

I:_let Streams

Effluent Streams

Material of Construction

REMARKS :

Chlorosilane l.iquids

Ch loros i. hme I,i qui ds

Steel

15 ft p_lekt'd height using tm)ine-b;ised I,'ohm _ llaas =%-21 cat:_t)'st,

I
i

i
]
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TABI,E C-XII: EQUIPbIENT SPECIFrCATIONj PYROLYSIS REACTOR

Issue Date 3/31179

P(,qPJ).'__IP'__:,:"'I'-_' . L_

FQUIPMENT NO. 445-02

EQUIP!dENT NN4E Pyrolysis I_eactor

NO. REQD Fourteen (14}

PROJECT NAME 1ooo ,_FI'/Yr Commercia I P hint

Type Reactor: Packed F-]

Fluidized Bed L__ Free Space

Reactor Geometry (See Sketch)

Height 4 _t

Diameter 1.5 £t.id

Temperature, Operating

Pressure, Operating

liner x 3 ft od shell

1SOO°F

20 psia

Temperature Control Method_K_,zc___

Heats of Reaction

- 8 k eal/g mole (exothermi¢)

Desiml 180°°F

Desiqn 25 psia

Inlet Streams Silan_ ea_ 0 100°I:_ ..

Effluent Streams Sl li¢on t'owdyrL_ _rogen

Material of Construction Quartz l in_g32L_30,) stainless injector

REMARKS:

Reactor is made up of quartz liner in an Incoh)y 800 vessel,
surrounded by resistn)tce heatin}! elements, tnsulat ion and a

steel outer shell. Unit _s attached to equipment beneath with

a _,'ater-coolded flange.

-----4_--

•'ti(

Ic1)
U{
H{

{I
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/

'I'AB},I!C-XIII

!!u,;S___'rsc_____l:PI,AN'r¢:,_pri'A_l,_c:osT',IOOO HT/¥R

blechanica 1 Contract

Process Equipment, Erected

Construction Field Support

I!ngineering

Contingency @ 12%

Total Plant Cost

1979

Dollars

$2,742,400

3,813,600

149,500

1,019,400

1,053,700

$8,778,600

NO 11-5 : •

io

9

--ii

_o

Mechanical contract includes site preparation, foundations, support steel,

buildi.ngs, pipinp, electrical-and instrumentation°

Process equipment, erected include; process equipment, freight, erection :rod

equipment insulation.

Contingency percentage is a weighted average of the percentages for various

elements from historical experience°

[
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TM_I,EC-×IV

_°

ELEblENTS OF ANNUAl, OPF.RATING COST, 10{}0 bIT/YR

I_:\1',_ HATI!RIALS

Metallurgical grade silicon
Ilydrogen
Technical Grade Silicon Tetrachloride

Cement Copper
Chemical l,ime

1979 I)ollars

$1,681,900

225,900

391,900

60,00{}
300

CONSUk_BLES

Redistribution Catalyst

Pyrolysis Reactor Liners
Melter Crucibles

Chromatographs

Epitaxial Reactor

Wet Chemical ,amalysis

74,000

89,600

182,600

21,600

18,100

6,000

UTII,ITIES

Electrical Powcr

Natural Gas

Potable Water

Water Treatment Chemicals

Purge Nitrogen

l'urge Argon

Landfill Disposal

$ 487,900

290,900

21,500

13,500

25,900

17,400
4{)0

blANI}OWI!R*

l,abor $ 582,500

Maintenance 254, I00

Clerical 43,000

Ana iyt ical 129,100

Supervis ion 262,200

blAtNTI!NANCE MNPERIAI,S

l!qui pment Parts

I'ROPI!I{TY TAXES AND INSURANCE

Total

$2,360,00{)

$ 391,900

$ 857,500

$1,270,900

$ 209,700

$ 103,8{}{}

l

*See Tabl.e C-XV for manpower staffing and duty summary.
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TABI,F C-XIV (Cont'd.)

PIiRIOI) COSTS 1979 Dollars

Office materials, equipment rental

'l'eIephone, post age
Service vehic].e

Guard service

Trash removal

Supervisory expense account

Supervisory relocation expense
blis ce 1 1aneous

10,800

8,400

3,600

4,800

2,400

20,400

26,000

16,800

$ 93,200

tlOHF. OFFICE CIIARGE

Total 10% of Sales

TOTAL ANNUAL OPERATING COST $5,347,000

+ 10% of Sales

..,,_. ,::._,,

C=38



'rAm,l! c-xv

 ta.N:'o)vIi: 1(too ,,rr/YR

Staff

Silane ,\tea Operators

I')'rolysis :\tea Operators

Silane Area _lechanic

Pyrolysis Area Hechanics

blechanics Ilelpers
Instrument Hechanic

Utility Han

l,ab Technicians

Secretary
Accountant

l:orclll_lll

Ch emi s t

Plant l-ngineer

Plant Superintendent

Total Employment

,!)ly _Vorkers Shift I_'orkers Total l!m_loved

1st 2nd 3rd

-- 2 2 2 9

1 ...... l
-- 1 1 1 S

2 ...... 2

1 ...... l

1 ...... 1

-- i i-- i 4

1 ...... I

i ...... I

-- 1 I i S

1 ...... i

I ' -- -- I

1 .... -- 1

42

SUbI,_IARY 01: DUTIES:

Silane area oi)erators - oversee main plant, except pyrolysis area. One man is stationed
in control room.

Pyrolysis area operators - oversee pyrolysis reactors m_d melters. One man is stati.oned
at each bank of seven stacked units°

Silane _rrea mechan:[e - repair plant equipment, except py_-ol.ysis area quartzware.

I'yrolysis area mechanics - rebuild quartzware.

blechanics helpers - assist mechanics as necessary in all plant areas.

Instrtunent mechanic - repair plant instrumentation.

tltility man - general area labor, especially around waste treatment equi1_ment to pack
out finned silic,lo

I,ab technicians - operate gas chromatographs, epitaxi.al _eactor and perfornl u'et ehemistry_
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TABLE C-EVI

I![,I!MI!NTS OF START-tiP COffl', 1000 MT/YR

!_e._ during pve-hi vi ng and training.

Operat:ing I,ahor
Forenmn
Accountant clevic

l,ab 'l'echni c:i arts

Supervisory

Preparation of Operati.ng InstrUctions

l_!gj,neering Assistance

Liaison to construction

Training Assistance -.

Checkout Assistance

St.artup Assistance

Operating Costs, including overtime

Equipment rework costs

(l=qtQtr 1979 Dollars)

$ 88,700

4(I,400

5,400

13,400

• 50,40.o
$ 198,3(10

$ 43,000

$ 35,000

17,000

17,000

47. 000

$ 912,600

$ 310,000

Total start-up costs $1,579,900
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'I'ABIA] C-XVII

EI,EbtI!NTS OF WORKING CAPI"I'AI,, 1000 M'I'/YR

ACCOUNTS PAYAB LF,

Raw Materials

Utilities

Labor

Property Taxes
Income Taxes

Do I ]ars

(lst Ot.r 19/,))

$ 194,000

82,200

38,300

8,500

18.0,200

$ 512,200

ACCOUNTS RECEIVABLE

Total

INVENTORY

Raw Materials

Spares and Consummables

TOTAL WORKING CAPITAL

11_e basis of this table is as follows:-

Accounts Payable: Raw Materials
Utilities

Labor

Taxes (Property _ Income)

Accounts Receivable'

Invcntory:

11% of sales

$ 138,800

$ 651,000

+ 11."_ of sales

30 days

35 days

11 days

-45 days

40 da)'s

14 days ....
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,\I'I'IINI_IX I_

I,:O M'I'/TI_COMMIiI_CI:\I,I'I,ANT {I,'_SUI_I_

SI!CI'I(IN,_OF--,&PI'I!NIHX I_

'l':lb I ¢"

l/-I

1_-.I. I

I_-III

Tit 1_'

l!quipmcnI I,isI, 120 MT/Yr Comm_;rci_l Plant

I{lcln_m/_ of Plant Capit_ll Cost, t20 _fI'/Yr

I{Icnlcnts or :\mttta I (lpvt, at itl_; Cost, 12(I M'I'/YI-

r'_-

D

ql_ D,

•s" .

II--.I



TABI,E D- I EQLI_IPMENT,LIST, 120 _fI'/YR COMMI!RC,]M. PLANT

VESSIII, S

I'qu i preen t

No. Equ[pment N:lme

411-02

11-0o

_421-02 .....

,121-04

421-06

M,(;, Silicon Storage Bin

Jllg !'2+,j:l±tjyl itider E,'mk

..M._C,. 2_iI icon_ Lock llo£per

Ij'aste Sell.]or Tank

. lJ'a.s-te-_{C_hloj.'.id_os Tank ............ ! _

4 q 1 zo_8 .... ._Quench

421-10

421-12

421-14

421-16

431-02

NO.

eq' d

1

I

1

t

431-0,1

4.11-02

451-06

.ISl-08

45|-10

.151-12

4Sl-l.I

,151-16

,161-02

Condenser Receiver 1

i Crude TCS Stora.&q Tank ............... 1.....

[Re cye__]e__HIivdrgge_n__Recei ver __.I ..

.!Jy_ly.o_tlc n!Jp!n id if.!.o r_. _T.an k .............. 1....

.... St.ri3_per,, Condenser Receiver 1

Silane StoraRe Tank

Product Powder Storage 119Deer ......

py.y_9__ j s_ ]ly d re g cn Rec£ive r .....

4

___3

1

1

Liquid Burner SurKe Tank

Pressure Relief Catch Tank

I tl;ll t,i'i;i l Of Cost I

Type Capacity IConstruction (lst Q, '7(.11

'8 c,'lillder..2 3000 St:l: __L [__I ste-e-L ....... Z--__ Rel.,t;ll'ert. "rank 55 llnl. . - ._ S teo.I ............ 2., 27l[_.

'ert. 'rank 3(10 _al.. 30.![:. S.ta_!lles_ ........ 1(),!1.90

/el't. Tank _.1 ._a__ ._S.t('e!. ............. l 3,"6(I

lorl:. Tank 375 £:;__I...... Stool ............. _&,t33___t!_

Ioriz, Tank 5000 gnl,. Steel 10,260

v'ert. 'l'allk 3._00 gal. . ..... Steel 8,210

,'ert. Tank 1.lO gal. Steel %8.10

.'ert. Tank i1,3 gal. Steel I00

.'ert. Tank tO gal. 30,IL Stainless 1,0_0

/err. Tank _,t._O__£,;ll; 30Jll, Stainless _..15 L21.0_£[

/err Tank (_S £al. 30,11,Stainless 1,1,.|00 t';

/_l't_. +Tank . ./..51!..}!:}1. ,....... St 5"ill _____ 5,0.10

Iori:. Tank 160 gal, Steel .I,170

* lt't, rl CO';I

loriz. Tank

Silica Dust Bin i Bill

J],astc Silica Neutralizer 1 8in

I!+rt+,Weak Huriatic Pump_. Tank . . i'ert, Tank
i

}hlriatt¢ Acid Storag_e Tank _'ert. Tank

Hot Oi 1 E_.x_ansion Tank I i i --. :lori:, Tank

is included in |rein cost correspondi l_ to

5(1U _ll. Steel .1,170

j:? I!!__-_:r_. .... st<:e__........... '--'.'2.-'2....

:oq!:!_-!'- I' st-?5"_ s,-oo

•iS() __'ll. i l:_i.b_£_rf_lass 7,
['llll

•150 gal. _LI:iberglass . 7,500

/

/

13S00 ,q;ll. IFiber_lass 4,4r,0
/

190 pal . | Steel .l(,51-1t,*

this efluipnlent Iliilnbev.

REACTORS

I!qtI i pIIKH1 t 1 i'll I ] 'li;ll Cl'i '1 I l) f
X'.... /:<tilil,,!,cllt ,_'a,.e It,, [.b 'ILYIF-- _L;.l+3_Lt_J:l I "LlK,,,:KL_/__Kc, m_u,Ll.i_n

| Flil_di_zed

................1 '+"+ :1::; 1
21)"/34" I 2.1 ft /I ¢, ov 801

][(_S--lLizd-iJ_I_z.iLLlll_k_. ..... Pael..e,I 2 ft 5 ft. Steel

il(:SRedistribution Reacto, ....... i'actke_l ..d_!]_d 25. f't. | Steel

_L_rg+l+_ i+_.JJ a_ o t . |:.__1_t't__.' .+?2l_t" - _})/ f't _I Into lov 8()(1

* Includes cost of catalyst

•I 25--.i/2._____

.135_02 ....

,135- o.I-----

-L._,L_.,_Ud____

Cost

__U-_t_%b--2
•!3,5 00

21"1_700"

2017(10'

23. 700 t';I.
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TABI,E D-I (continued): I!QUIPHI!NT I,IST, 120 HT/YR C(_,_NERCIAI, PI,ANT

PUHPS

+.6- ).

J .'..(,_-_Q_.__

.136-04

l'y[_L++ij+;,,'nt ._ar,e

Collt actor Iqlnl_

..t_!lc)] Conden:_er |qash l'ump

Re_y_c3¢+_s3L'.__

TCS.2i.sLi U ate. +?t__3_.

DCS" Distillate Pulnp

1

1

1

2

1

.-. _2 ....

1

2

2

_:+sA-_oL___+_+ r+J:t_ti.c._,+.+:_i.__pum_p.

,156-0(, Silica Venturi Pumj2

.16(;-02 riot Oil Pump

466-0.1 .Cooling Water Pump

No. Des i grt

!('qVd .Type I I:la_

I1i aphragm 3600 Cell

__. !)3 :/I]ht'a+_d,_2__

Di a_J_£__

Di aphraiIm,

I_ial2hra_m__

Cent ri. fuga 1

Cent rifugal

VertiTurbinc

45 GPII

450 GPII

1300 GPtl

_8_so +mr
120 GPH

._ 40 +pt,+
195 GPM

500 GP,H

DeS i I'.ll

Ih,ad

100 PSI

70 PSI

550 PSI

300 PSI

_,0 PSI

61 PSI

33 PSI

48 PSI

75 PSI

Haterial 0£

(_.elU; t F|l¢ t j 011

_Lo4A.3.i q.s.s..........
Steel

Steel

Steel

Steel

.Fiberglass

Fiberglass

Steel

Steel

Co::t Il st Q,. '.79_

7610

1300

8120

!Ljoo e_,.

.9,._ ..........

3,500 ea.

2,000 ca

469-16"

469-N2"

*Ite:- cost is included in item cost corresponding to this equipment number.

I!qu] pment [No. t!¢luipment Name
[

._41_.-0.______IPJ.(;. Silicon t]nl_adin_. Filter
/

427-02_ I C_rq¢.l_e TC_S._F i I t e_x_ ....

FILTERS

Design Particle Haterial Of

Type Capnci.ty Size Con:;truct icm

1 _a__ ...

_D ....[i._!go........

-13".v.O L ...... [ S_. 1 a.ne ._U_I.t UL-_F il____t e._r. .2...... M) c ro.jm re

+157-02 iN,m-Combustibles Vent Filter 71 BaR

,157-0.1 .[Combustibles Vent Filter .L_l .l_iLg__
/

I_. __(_. /Silica Ba_ l:iltel:___ 2 Baj: ...

Cost

"lst 0. '79)

..... 500 ACI:,H [10 .._Steel_/t'o__ h,,.,_ZEt._er.L- _ 470
8 (;Phi .50. Stee I 250

0.5 ACFH (3,1 - 304 SS ..... 3_0 ¢.a__

soAC r+t 11....................... _st _.e_ ........... _£'_2.......

20 ACI:H 1 Steel 560

3000 ACFH 1 .Steel _13t; ua,

SOLIDS HANDLING

'_ l!quipmcnt
No.

.t28_0.2 ......

,IS8-UL _ _

.15s-0.l .....

No+ lI!qttii_clent Name I Req'd Type
|

Catalyst Blender _ .1_. _in Shell..t)'drogenation
/

• I _1 ......
_ilica. Drum Packer ........

Haterial (3f

!.'a_aci tv I (:on_tr.et loll

..........CI.. ...................Stc.el

:Sfl.ACEt,L._-_ .... $.tj:cl .

_JlC. d_r tD31rlj_ii1........... -- ..........St e_l

Cost

_lst t) ,?n_

7010

2900

D- 3
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;17.._ '_-t/:i .... ;L:.; _'- 2 ...................... •............................................................................... _,

TABI,I! D-[ (contimled) : I!QtlTP&II!NTl,IS,]__JflO }[C[YItCOMMb3_CIAI,PLANT

COM PRESSORS

Iqu ipment
No, liquipment Name

.i.- :5_u. _'.... _._1 dro en C.om ,re s sm.

•l,I.3-t!/. ...... Pv r o I Z_ i _ _lJv_dr.o.l_L_!_tg ?rap _. I.s.t. s tal.'e_

,I.I 3-0.1 'v ro 1ys i s llvdrolen Comp._ 2nd st;.21_j,_ '

JS3-I12

.I !; 3-0.I

Dog i fn
F 1 owlleq td

I

I

| ....

A_lomerator ,B I.ower- . ........ 1 .....

Waste (hlS Induction Blower I 3000 ACF

..... o20 lb/.hr J

9 lb/hr

Des i till

lh'ad

._!(!psi ....
bS(l pst

8000 ACI'M IO in h'.C.

tO0 in I;'.C.

H;It eri_l I 01'

(:OltSt l'tlCl ion [:o';t

..... {lst t l '_,I)

St l.'e I ?0 1500

St eel o3,500

..... 1.13-02"

'Steel 2_9(I(I

(_it ._ t l l'on | ,I_ ('l[I(l

• [tent cost is hichided ill [teltl cost ¢orrespondi g to this equi!.ment number.

COLUMNS

t!qt, i preen[

No,.

"Z:?_-0..'____

.Ii2-00__

%2-0_ _
CE_-,=9_=_____

[q\tipm.ent N,_me Re.q'd

St ripper _Co hm___m [ I_..

.TC__Columm__. -I 1._

.D_S._Coluram _ _ti___l__.

Silane Column " I 1

.T.r ay ed __.

Traycd .......

2x_:cd ........

Trayed ....

Packed

NIIIlll)Of

(tiattet el' (lf Trays

__! 0_,__._ __2"5......
S,. ...---. ft ......... 31 .....

..__2 ._Oj2t .... :__ 62_.__z_-

..G3s ft. ....... ss ....
2.0 It 10 ft. pack

Material Of

C,o|ls t l'_lc t iorl

: .... _S.t.ce, L .....

.... Steel ........

_.___S t ee_L__.

304L. St ainle._._ .....

l:iberf.l ass

Cost

(_st q, t.?9_

_u'_,Z}° ____
2s_,._"o _

37,090

4.I_.190

Cos t

(lst q '79)

I!qui i,:::cn t

No, l:'quipreen[ Name

42.L.02 Quench Condenser

.I.'.I- 0.I Recycle S'I'C Vaporizer

-| .:,.I- LI 2 St l'[ppel" t:olldetlser

•15.I-0.I Stripper Reboih, r

•I 5.l-[to ICS l'o I umn Revoi ler

.l 5.1-t18 TCS t_o [ Iltnll (_otldetlser

13.I-lO lILTSColtlI,'ltl l!eboi lvr

I._.1 - ] 2 I't.T_ COo 1 er

•| .'_.l - [ -I It('_ L'l'l] Ill'Ill ('_01t,,lell:_er

•I.;I-It', IICS Cooler ..

• I ,:,.l - ] _ S i 1 ,tltC t'o l ltllltt(_ottdelh;cr

l,:,.l-.'II Si lime ('olur, ln Robot lcr

13.1-22 Si I;lltt' Snperheatcr

I.LI-'I SI(' Cooler

.15.1-2(, Si IAnp VApoPiZt, I"

2:!1-:___s s!J,,j?,2 __t22',',,_:_<:,-,,,_21,-,L

•l ,l I-02 ['x" ro [ %'_;i -; I lvd l'O/,('ft(:O0 I CI'

•l,l l-ll I I'V ro I v_ i _ II , ('tllttper_sof lilt eL'coo 1et

l_iI-0.' !,lut'i.ll ic \cid t'ooler

ItEAT EXCHANCERS

I

No.l lle,_i,,n lhltv ,_l.lteri:tl Of

lleu'dl Type Bt u/lh" Coust rttct ion

Fixed 'l'bshI 1,20/,,.1110 Steel/C'tlpronickel

Ket t h'r S:l.l, 700 St t"e 1,' 30.1 S.S.

Fixed Thshl 40,900 31:'[. Ni,qt'eel

I'--] 'l'ul_e cot 1 199, .lOLl Steel

1 IKcttle l_(I{l(I,SIlO Steel

__ _ _LLS<'g2122_!!!.):?st,, .........................bin Stee/Cuproni ckel

___J_ __ Kettle "'£_| _ 000 ,Steel

I llai rpin ?;0 [ ,It0t) St'k,e I ,"t'up ron i el, e 1

I IMi rpin .I(,,O0(I St eel.'i.hmroni ckel

I Fixvd "l'bsht [S_tlll 50.I S.S.

1 Tube I_Oi I "ll,-Oi} 511,1 .qoS.

1 "lube ('oiI 28,(1t111 Steel
............................

I II.tirpin ,It,.IIt<l :;tt't,I't'ul'renickel

.I Tuhe troll ",.'Ill 31.1 S.S,

l'ube Coil ?..lltl 31i.1%0S.

I II:ii rpin ..;_4,_(tO .'-it ee I 't'ul_ren i cke I

1 ll,ii rpin --- t'ill't'Oll i cke l

I llai rpin 130.(IOIt %1e,,l 'llA".t cl I ov

32,910

.%, l "tl

2,,qO0

l ,tllltl

.I,5.I0

.I _1,711

,1, -90

2. _ntl

2,910

,qIIIl

| _ Illll]

SOIl

.' , ,_tlit

1.;1-0 1•

I.:.l-lt I*

.', tltll)

I.I 4-0"

lien ct+,;t i.4 ith'ludv,I iLl iteri, I ce._t ¢ort't,!;l,,m,lin !, I,, thi,: vquil,xlpnl nut:her.
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't';',,Pd,l! t+-. I (cont imwd_ : l!t_3llt PbII!NT I,IS'I', 120 HI'/YR (T)IqlqI!RClAI, PI.\NT

IqISCI!I,I,ANEOLIS

•Ibg-Of _'/c,_k bluv'i,_tic Scrtd,bcv

4' q-OS h',i.,;te t;,ts Burtwt" "1

.K-,9-10 _(,islt" t;;t._ }_lll'llt'l"

_:,'.,-.l_ w_,_,t,._, I.i,tt!!.,}_!}_,r.E_ 7 ..............
|!,"-lo :Sil ida :\_,elol!icr,ttor

1

t

1

I

,_kl I t,l'i ;11 Of L'_:M

Spccific,lt ionr; Collstl'UCt ion lot t', v "9"I

.'5.?. ,'\t'l'_l _as ,It s_l¢I iol'_ 30.!S.'S__ I0.0_,,0

.... "_s9.,.. '_!3!_)2}3_!/12.v. ............. s _,_,,,_.____ ........ __,, :,o9. _

Fu rlla¢c 'l'_fl_ i _g .l.I 9,4 O0 Bffl" hv 30.$SS 129-0 _*

Vuvn,lce 'rubin,_ S.l.I."O0 BU'|'/hr 30.1SS _29-0 1"

I Gal. Bt'llol_;s ACdUlmfl.llor ,qtcel 400

.} t'}: DI'V St'ill Acdlllll/llillor .qtt'el 1, .'.l'0

'." Ib,'hv SilicoL, Resisl;mcc Ik';llil_ Slt.el,t_uilrI: .:',O,l't'd' t'.i*

:300 ..\L'G_I }_..Is ill sIICl :toll I:t_,t'l'gl;ISS _ 20,000

.'.list _ AL'i:i_I i,.;I._i ill SLIt'I ioII }'ibt'l'g|;t._S 2,000

.'.w_'-xF):_! !:,_.?-._at._gft_!_,,. ........ viJj_,;r_.:_!,ys. _ ",ooo
•I .,r,",. CF_I i_st t" _l;tS Steel o., _tN,

15 St'Fbl _'stt' gas St¢'¢'1 I1.¢,00 c,I.

11 t;l'll K,i.';tt" liquid Stccl II.'h'O

_'_.'LI. 000 Iq I'll/hi" StC¢ 1 S. t',ql _

•1(,o-0." :Coolillv. 'l'owt'r I 500 t;l',_l RCCil'culat ion ;'thullillltnl I1.-I:,O

i l¢"_-t_!" .t',_ol.i!h'. "![,2_,yv.}lakc.-pp_ ................ .............................................I I.' t;I'M ._l.lkt'up Stccl l(,9-Ot,"

I .h,9-1." !, ,q.3 tons (tO0.O00 llIll','hv_l.q)" [; t 5"111 S¢,, .hid

! .Io °-It, _ IkH Oil Ilcat ine Fuvtl.wc _............ 1 t,I t:t'51 l'hevminol. 2.1.'.',Otto Bl'l_'hr. -- SO.tO,'

• llt'"! CO';! i _i llClIldi'd ill itClll CO;;I Col'l't'Sl_oltdill_. Io Ihi.i eqlliplllctll lltllllbOl.,

4• ,i_ ,
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'I'A_I,I",D- II

ELEMENTS OF PLANT CAI'I"I'AI, (:t)S'l', 120 brl'/Yl_

Descript ion

Mechanical Contract

Process Equipment, Erected

Construction Field Support

l'ngineering

Contingency C12%)

TOTAL PLANT COST

S

(lst Quar-
ter 1979]

I,-136,I',19

149,500

1,(319,,I(10

532,400

$ ,I ,-4,9 ._., 000

NOTES :

I. llechanical contract includes site preparation, foundations, support

steel, buildings, piping, electrical and instrtunentation.

2-0 l'rocess equipment, erected includes process equipment, freight°

erection and equipment insulation.

3. Contingency percentage is a weighted average of the percentapes

for various elements from histm'ical experience.

D- (1



TABI,E D-III

-_, ,,%

NOTI!:

ITI,I_MIiN'I'S OF ANNUAl, {}I_I!RATING COST, 120 _P/YR

Descriptiq]_

Raw blaterials

Lltilities

blanpower

Haintenancc blaterials

Analytical Equipment Charges

Cons mmnab Ie

Property Taxes and Insurance

Period Costs

floraeOffice Char,{.;e

TOTAL YEAIlIX OPERNI'ING COST

(except depreciation and capital charges)

For typical details, see Table C-XIV.

D-7

$

(lst Quar-
ter 19793

$ 313,290

140,670

1,048,750

96,700

45,700

05,940

57,710

93,20{}

10% of sales

$ 1,861,96{I
+ 10% of sales



Table

E-I

E-II

E-III

E-IV

E-V

APPENDIX E

I000 MT/YR COMMERCIAL PLANT (ISSUE 2)

SECTIONS OF APPENDIX E

Title

Heat Duties

I000 MT/Yr Commercial Plant Stream Summary (Issue2)

1000 b_/Yr Commercial Plant Stream Catalog.(Issue 2)

Trace Component Analysis

i000 MT/Yr Commercial Plant Physical Properties.for
Process Streams [Issue 2)

Pag..._._

E- 2

E - 3

E - 6

E- 18

E- 19

.=

•-, . .

E-I



1

TABLE E-l: i000 NT/YR COMMERCIAL PLANT HEAT DUTIES _ISSUE 2)

Equipnmnt

No, Equipment Nmno

424-02 Quench Condenser

424-04

429-06

429-08

434-02

434-04

434-06

434-08

434-i0

434-12

434-14

434-16

434-18

434-20

434-22

Heat Duty
(Btu/Hr)

8,182,900

Recycle STC Vaporizer 3,715,000

Recycle STC Superheater 3,098,700
...... . , i ii

Recycle tt2 Superheater

Stripper Condenser

1,575,100

176,600 ,-
= ,

Stripper Reboiler ;1,095,300

TCS Column Reboiler ,8,536,000

TCS Column Condenser

DCS Column Reboiler

TCS Cobler

DCS Column Condenser

DCS Cooler

Silane Column Condenser

Silane Column Reboiler

Silane Superheater

8,623,500

5,852,500

2,483,200

3,361,100

522,313

174,100
• =

650,600

17,200

434-24 STC Cooler 649,800
...... , .i i

444-02 Pyrolysis Hydrogen Cooler 237,000

_o .

' " v.

E-2



5YREAN NO
Oeeemoeee

|00

)OA
105
lob
lOT

110
11]
LL2
11]
114

lit
1J8
119

131
L32

L34
L3_

ZOO
ZOL
ZOE
Z03
_N6

EO_

209

21Z

210

2ZO

30e
31|

AOI

TABLE H- I : 1000 blT/YR COblblERCIAL PLANT

STREAH SUbrblARY (ISSUE 2)

INT* NO,
i_oelee_#i

1

3
b

I
u

10
It

_0

_S

1oo

111
10_

_0

_3

3u
3_

Ab
A7

SO

5_

SS

b2

b_

6
!
t..
11_

180
_t

TU

15
1?_
IU?

5_

?b .....

7_
f_
8_

OtfiCi_[#ll,_ I.F. P*PSIA _l,hr_.
eeeeee#e_eee_tenee#ve*uee_ee_e_eee_eee eeeeee e_*t e_e*eee

COPPE_ C&lA_ST F[Lb 7_.0 IS,U 0.U
HAKEoUP _TC 15,0 _0,_ L.00U0
F_U|D|gAIION H_.10 4gl-0_ 300.0 bloc7 0*0
PRESSdR|ZATIUff ff_ TU rJOPPEg 4_l-Og |bgeU 51h*7 O,A
ATMOSP_ER|_ 9ENI _)_ CTC_0NL q|7-O_ 7b.0 1,.7 . b.O
rEED TO H_DR_G_ATION REACIO_ _5"Od 9_4,0 5lu,7 U*O
PRODUCT F'RU_ REA£IUR _5"0d _$_*0 _.7 0.0
C00LEO R[CY. TO SIC 5TfJRAGE TAt#K 4EI-I_ I_U.O EU*0 .I.I) 0UU
QUL_CMEO _C/_C_ TU SLTTLF:R _l'O4 JTb. O SIJ*T O_SuVu
HECfCLE 5rc/1c$ goLNgt( 51RFAA 3bO,_ b/_*? l_V00,
NASTE CHLON[UE SALTS FROM 5Et|_EH 35t:.0 %[d*7 l*O(IUO
SAT. VAROH d_/TCS/_T_ TO _O_D, 4P_-O_ 35_.0 51_,7 0,0
_AT, _tg, N_/_C$/_rc OOENC_ NECVH CPI*0_ lOO*O _IL,? UtS0O_
_AT, k|U* TC%/_TC TO JdEhCH _U_R 4Eh'U4 |O0*U 5|3.? I.OOOU
LIgUIO RECYCLE _O _EIrLEP 4d1-04 lO0.O 5L3,7 l,_qu_
gUE_CH STREAM TO CU_DE'_SER _-0_ |0U*0 57_.7 l*0O00

TCS/STC LL_, PRO0. T0 C_UOE T_._ Aal-10 |00.0 5|U.7 l*0_g0
H_ FEEO TO CO_PRESSUH 4EiT-O?_03 log,o %1_,7 0,0
COMPRESSED HZ TO _ NEAT_R _9-08 100.0 5_1.7 O,O
SUPERHEATED H2 TO REACTOR 425-0_ 9bl,O 51b,7 U,O
SUPERHEATED _TC T_ RKACTOR A_-O_ _bV,O 51fi.7 0,0
5At* VAPOR $IC FROH VAaOR|_ER 4_A-O4 "_4J,g _21,7 U,U
%RUDE TCS/STC TO 5LCIION _ |00.0" 95.U l.00U0

• CRUDE TCS/STC TO _ILTER *_l-O_ IO0,O lOO*O l.flq_O ..........
_I_ F_O_ _1C 5TOR^r_E IA_ _1"|_ 75,0 2U,(} l,O_O0
51C TO STC VAPO_ILL_ 4_-04 tb.O 52b,7 I,_OuO
_|_UID TCS/$TC TO _UE_C_ _)_ _Eb'U_t_3 35b,0 bid*7 I*UOuO
TRANSPORT Aid TO rlLI_R 4|/'U_ 7_*0 l_*q 0.0
RECYCLE STC PUR_E $TRE_ _h _-_ ._3,0 52b,'! l,nouo
A|R TO _ECYCLE HYDROOE.q HEATE_ _EV-U_ 77,0 |_*1 OeQ
AIMUS* VENT FRO_ R_CYC_E _EAT_ _-g_ _50U,O _*0 O*O -
AIR TO RECYCkE STC HEATER 4_9*Ub I_*U 1_* t 0.0
kTHO$_ VENT FROM _CYCLE _TC <l_ _9*U_ 100_*0 ts*q 0,0
5TC UOTTOM$ PROD* TO STORAS[ Ii_ '81"12 _l?,O 55.0 |,OOUO"
43_-Q2 STRIPPER BOTTOMS PROOuCT _L*,_ 5Q_(* l_OOQO
43_*02 SfRP* BTq$. VAP* FRUN _(0. _)_'04 2l_*0 70.1) O_O

_'O_ CONUENSED OVHO _RODUCT -2_.(_ b_*,) /*OOUU

43E-UP 5tRIPPER REFLUA -_.h TQ_,I _+U3UO
"3E'02 _P_|P. BT_5* ld TC$/STC COLUMN ELY*0 ;d.') |*¢l:hlO
4J_-04 _OPT_'45 _[)UUCT EL_,_ 5_.t+ l.l_u0
_3_-U_ _T_5. VAPOR FN;I_ _Ed_T.E_ _J_'Ob _11,_ bb*O _,_;

TOT_ _38-0_ CONDEnSeD 0V_U PAt)_UCT Ibm.4 _,S.,_ l.O00U
PRESSuRIZEU _3_-0_ a_OOUCt 1:_._ 3_.p,a l,('OuO

TC5 FEED TU _C5tPC$ CdLt)_ _3_'0_ 1_,4 320*0 1.00_0
COOLED TC_ FLED t_ R_U|S. ktA_fUN 43b-g_ |_Oo0 8b,ll _,t,_oU
_OOkEO TCS UOtTONS FRO= _3_-ld I_n,l_ ,b.O |._0bO
4]_-bb H_TIU_5 a_[IUUCT 3dO.9 3|V,_i IeU_UII
4Jd*O_ 80TTU_ VAadR F_O_ _OI_L_ 3_1,3 3PU,O a;.,;
• J_-gb Ov,l_ PRODUCT _=b*5 3i_*+ _,a
_]_'gb KEFLU& _U,b J_U*_ _*UDOU
_3E'Ob CU_DE_SEO OVHtl _ROOuCT E_,_ 31..1 I,UOL!O
PRESSURIZEu *IE*U_ C)V_0 #'_OUUCt _u.b %_u,t_ _.u0u0
CIIULED DC5 FEEO Tq RLACTU¢ 43_'0. l_.O _,[I J*'IOUO

.... _CS/SIN+ _ROUUC_ TO CULU:_ +3R'P_" l_d°u 5_It.U I,JOu++
_3E'OH HOTTOqS RECYCLE 267*0 3bU.U )*';01J0
_3_'0_ BOTTOMS V_POR _o7o0 _bd_(l [tIlO_
TOTAL #_0D' $[LANE FRO_ CONO* q34"lR -_.r 3b_*O U,q
4J_'0_ VAPOR OVM() IO CON_IEN_ "_3.7 J_.[ U,el
LID* 5|H_ tg _1_*" STUN. 431"0*+0b.gq.j0 -d5.7 354.1 }.r/nU0
43_-0B _EFLJA "_5.7 3OO,U l+uoqO
VAPOR|?ED blH4 T0 SUPERHEATEH _34*2p "_5,7 37_*1 (I,_
5tJRENHEATEO _IH_ TO rI_TER _31"0_+U3 lEo,t) 374,1 O,0
F|_TE_EU 3tJPERH1D. blH_ I0 bLCTIO't ] l_b,O £5°{I U,U
_3_'U6 TOIAL _OTTU_5 P_UL',ICr 3_1,5 3_fl.U l,OOt, u
TC5 _ECIC_E _WO_ 43_-I? JU 5rc _ec. 3T+. lbe.u h_oU l.¢.n,,u
43_-0+ _OrT0_% PNOUUCT P17,4 bb*" b ietlOhU

4J_-OF 8tJiTU_5 PR3UU(.I _61,0 ]bO,b l,cq_,l

4J_'O_ ,IU_TO_I_ _A_(J_ ltJ _'U5 /h_*ll Jt+,IoC U*'I

IOIAL _| _P_LTEL) P_,)UU_T ZhflO*l) _tl,_ O.tl

H_ rllOq _)(O_f_lb _l_ALTGl< IJ t_4-Od lt, h_*U P'_*b U,_
C(JU_E3 _T_UL. Hp rJ L;J_J]:_b%U_ 4_3-Or*_ Ltlu+d LS;_ _.l_
CUH#HE_S_[I _FC* H_ rls _YlI<_3c_IID_ JOu,_ _bu,U 0.,)
_AKE'JP _ r_dM _t'J#ACkE @/.u _d*_ _ot:
_!M_)_, vLNr F_U v C_+J_. v_r _63_I_ IUU*U le,*J U,U
Ci_NHUSIIO N _|_ ro _d_Nt_ _*rlo II*O l*°; U_f.

CUNqubrlur+ uot_[. .l, fu _U'+',L" *_'+*lC ll°u l_./ u.r

+ o .

- ,.,':--; _ ,_.,,, ('/.y,_, _ ,",'-



1.0(10 HT/YR COHblERCIAL PLANT

STRI!AH SUb.NARY (ISSUE 2)

t'" .a...

5INLAH N_

eeauameen

A05

_0_

wll

4IS
41b

_E3
_25
_26
427
_29

'31
432

_39
43b

_38

_50

_$2

IuOO
loot

lo03

100_
100_

100_
100_

101w

101_

1_1_

1014

10_o

10_4

II00

II_I

1103
i10_

llOb

1108

110_

11l_

111#

111_

11_0

11_#

1_00

IP03
I70_

I_

13_

ij##ooe#lo

82
_J
8_
Nb

86

8_

89

't0

qa

9_

Oh

_?

q4
_lb

227

103

lOS

100

107

111
lie

113

llg

lib

lib

117

118

119

1_0

121

I?E

12a

12t

130

133

13b

138
140

14J

13_

69

?1

78

101

lot

131

lfl?

189

lb3

199

20U

15,

lob

di.?iV_ IIrT2:)'¢ .... I . V .

CU_,ItJSI ION _.J? N."H I'_ ; ') ;IU,I*I!_R ,I iV=Vii
Ll:aJl.I tI!JRNE.]'_ _lht_-!+,i _:Fc.q
kidl|O uAhT_ i-_,)M _]LT'4 1,1N_, *_'.}I'Otl

COm._isrlo'_ Al.t la ri,l,(iL.' ¢.Sv-l',

AT_t)b_-L,_lC _'Eql _',W(h., IA_;^ _;)]-lib
I'LU_{ _ih% FRO _l t4dRNLt# _*_'J'l_

FLUF tiA5 __:)w; Ud_'_t,_ (*4q-lO

FLUE OA5 Fh_l_, ItLh(y( l( .l_qWl',_
AIM05. 414 VENI FRO'_ 4":,GLad. 15'¢'Ih

COOLEO FLoL GAS 5r,_, tO F ILTE'_ 557-nt_
TOTAL I:LUE hA."; TO ._Jr, LO_*,E.(AIO,_ _159-1o

(JAil V_'_T _'M_()M CYCI.UNL l_14-Od

FILTERED FLUE GAS TO FILLER '}Sl-Oi_
S|LICA I"dU_'l FILIE_ 5b?-bF.
lO_'AL SILICA F_t')_ FIL.(ERS 5"_l-Oboe_t
5lLICA FROM FILI_'R ht.?-OH

SILICA TO OuST _IN _51-Uh-
SIL1CA TO- (JR_'4 PACl',_ 1.51_-0¢
_ECYCLE TO SILICA VLNTURI kbO-d2
5LU'_'; TO SILICA NEuf_ALIZER r,51-10

RECVC6E r4_O Fh_O"_ PU_P _}8"0811)#

,'_AF.E-JP _ATER AN'a _Sw-o2 c)UTIO_S
Rt) lrU'_S F.:I)'_ VENT.i_I _bO"q2

HCL VAPORS TO HUI_IATI? SCRol-114_-14 441_19-04

HURIATIC 5C.4U_HER ',,5q-0_ _.FFLJ_.NT
5TRUt.'O MORIATIC ACID .'RUDdCT

_4U_IATIC ACID FRt),!. IA,,_K _.51-uh

wEA_ 'hJRI_TIC ACIb TO tA_, _*Sl-l_

._TR'JNG _IJ4IATIC ACIL_ iO SC'_dtt:!tR _b_;'UB

_EA '(, _llJelnTIC ACI0 TU Ptl N'u _,Sb-0_

51,_O'wG i'_U41• hClO RE{If. ro Cb,'tEk _,5_*-0_

TOTAL _ORI. aCID ,ECYCLEI'aWOD)CI

wEA_ ACID 5OLUTION I'o pUMO _,L_b'0,*

F_F'L. UE'wT {'RO_ SC:i.lhgv_ wbq'Ue
MI,jF(IATIC ACIl' P'4_O(*f [O FAN% _.Sl-Ie_

Al_Ob. VEWT _RU'_ .ILOIvE._ W::_3-Cl_,,t0b
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COOLING _ATER

COOLING WAl_4
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Ib0,0
#50,0

77,0
IT,0

.ib0,0

HUU,U
H90,0
MOU,O

?_0,0
300•0
80g,U
_0U*U
300,0
100,0

10oi0

100,0
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[_01 Ill

I_OI 115

1501 _0_

1_00 20J

lh0? _0b
|hq9 158

1700 20_

I/oi _01

170_ _0_

1800 _0_

1801 2LO

1802 211
I803 all

180_ ......... 213

IB_ lbO
1_00 21b

1901 _IT

190Z _18
1903 _|9

190_ 220
1905 _21
1_99 161

2000 22a
_001 _23
_002 22.
_003 225
200_ 2_6

209_ 180

2100 _8
_Ig9 190

_00 _9
_2_q lYl

_300 _30
Z39V 1_

_00 _31

_01 Z3_
_0_-- _33

_0_ 235
_05 E36
_Aqq 1_3

_500 _37
_01 _38

_50_ 1.5

_59_ 19_

_00 _3q
_bOl tq0
2_03 2_1
2699 lqb

DKSCkTPT I()N I.P.

P_EhS* N_ I _] _.3, 5[LICgN ._F,#_,, _,,_l'h_ It,')

PRE5%* N_ TO _A%IC [_N_ _dl-Ob _7,II
N_ PAO _N C2UO_ _lC I_ _cI-IV 1?,0

N_ PU_aE I_ CATCH t_NK .*ql-{:h I1,J
NIT'_)sE_ _EA,)Ew II.b

AI_50"I HEAC_N /?,'J

HEF. _RI_{ T:J CUNDE_LR _3N-c1_ &WU.O
REY_I:;F_A_T H_INE ME_OEN -_,o

MRINE MET, FROM ll'_ ,,J|'V, oOh_OH,IO .... -JU.')

HwIN{ RLT* FROM CORD. _.i_'l_ -3U,.)

HHIN_ l_r, FROM C:}'WO* w_4"V,_ 'JQoO

-- kEF_IGEHA_I ,4_I_E _Ide_ _E_II_M "JV*,)

COL') HEAl FRANSFEa OIL I') %_P* w_t-(,w .4_V,O

CULO HEAT TRANSF_k OIL TU _EUU* _3A-04 3eU.O
COLD HEAl IRANSFER OIL TO aEuQ, _3_-Ob 3_U,U
COLD HEAT TRANSFER OiL TO WkHQ, ¢3¢-10 380.0
COL0 HEAT TRANSFER OIL TO _EbO. _3_-_0 3_.0
COLD HEAT TRAN5. OIL 10 SIM_ _UP, _'I_ _U,O

- ....... COLO HFAT TRANSFER OIL HEADEr 3dO,O

HEAT TRANS, OIL RET, FROM VAP, ¢_'(l¢ i_b,O

H_AT T_ANb. OIL WET, F_UM _E_. q3_-_}_ E_,O
HEAT TRANS. OIL _ET. F'ROM_E_. A3_-U6 _SI,O

HEAT T_AN_. OIL RET, FaOM _ER. ,3_-10 --- 365.0
HEAT IRANS, OIL RET. FROM _E_. w3@-_O 30_.0
HEAl TRAN$, OIL FRU_ _IH4 5OR, W3W-2_ 320.0
HEAT TRANbFER OIL METuRN _EAO_H 3_0.0
HEAl TRANS, 0IL TO VA_O_,,_2_-U_ _97,O*
MEAT TRANb. 0IL T0 REIJOILE_ _3_-0_ _97.0

HEAT TRAN$, 0IL 10 REBDILER _3_-ob _Ol,O
HEAT TMANS, OIL T3 REdOILER _/_-lO 4El,O-

HEAT TRAN_, 0IL T0 REdOILE_ _3_-_0 _97.0_

HEAT TRANSFER OIL HEADER AvT,o
RUPTUNF UI$_ vEnTS TO TANK _5|-Ob IO0.O-
RUPTIIRF DISK VENT HEAO_ lOO.O

xASTE STM, rO CO_* VENT rlkFER 55/-U_ ]OO.O'
COMdUSTIBLE VEN_ HEADER, IO0,O
NON-COMdUSTIBLE VENTS TO FILTER 55?-0_ IO0.O

NON-COMBUS/ItILE VENTS HEADER |QU,0
NE PURGE FROM BLENDER _28-0_ IOU,O

N_ PURGE FHOM M.b. SILICON HOP. _l-o_ lO0,O

N_ 9URGE FROM [ARK _I-IO r0 _ASTE HEAO, [00,0
N_ PUHGE Fi(OM _L-I_ TO _A$1'E HEROER lOO,O

MELTER PORuE TO *ASTE _EAOE_ lOU,O

_A_TE St_, TO P_E-_IR BURNER _Sg-IQ |OU.O

PRE-MI_ OOMNER HEADER I00,0
NUZZLE M[_ wASTE 51R. I0 HU_(_EH _5_-0_ 100,0

EONDEN. NEE. _31-_ vEnT ID _AbTE HEADEq -_1.0
H2 REC_CkE _URGE lo0,O

NOZZLE _|X BURNE_ H_ADER |OOoO
WASIE CHLUM|DES ID CO_OEN. VENIB HEADER luO.O
FILTE_Ei) 5LOt)BE _0_ STC/lC_ IAN_ _21-10 |O0,O
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30 0 l.OooO
30 O I,OOUO

30 _ l,OOuO
30 O 1.0000

30 O l,OOO0

30 O 1,0(_00

_0 0 o;O
E0 0 O,0
_0 0 o,0

_0 O O,O
_O 0,- O.O

_0 0 O,O
20 0 0,0
_0 0 o,n
2q _ O,O

_q U O,O
Z0*O _,0

ZO.O u,0
Z0.0 O.O

_0,g O.O

90.0 O,u

hlO,/ u,o

ZO._ O.O

TO.O 1.0000
?O,O X,O000
700u 1.00o0
?0.0 ),(hlUO
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I A :_G :_', 39,qb | ,dh_* ,(l *0 ,0 *0 |,_54 ,0 ,0
•. .,L _ Ci_.'_ 32,00 4 | _t,/I .0 ,0 ,_ *0 6|,6H ,0 ,U

C, 'L',,_/IO*, _'.,P_:)x/Df. _H,OI ,0 *0 *0 *0 *0 ,0 o0 ,t*

,, _.A+/lIJ,+ ()lUg. f31: _,*,01 .r_VhlE-UI ,0 .0 *0 ,0 ,Sqbl_.'O'_ *'_ ,b
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|0 _i}',l;xC,_.l)w 0 S 1. _ 4E _t_,_b .0 .¢ ,_1 *0 *0 ,0 .7b_uk-fic ,,'t'JUt-U/

11 ) y C,c.:),+q$ |. A'_ lOl*OI ,0 *0 o0 o0 *0 ,0 * ?. 1 .%' I ,_'_

17 T_ I C"L"J93S I L A'_[ |35,45 ,0 ,0 *0 *_ ,0 ,0 |B,B/ _4.1.

14 :"L,I_ l'_t 70,Yl *0 *0 *0 *0 *0 ,0 *0 ,0

1_, _.'.t L_/_ ? LA*_ | 8,0;_ J,lbO ,0 ,0 ,0 *0 3*IbO ,0 ,0

I 9 :H'_U_IJ_ OIOIIOL 83.,)g .0 .0 *0 *0 *0 *0 .0 *J

[A '*A',OA'I[SL DI3AItlL ff6*q_ *0 *0 ,O *0 *0 ,0 ,0 ,U

l.) _,',L C | O_ SO*08 *0 ,0 eO *O *_ ,0 ,0 .U

EO A.U_l'_'Jq UX|3[ |O|*9b *0 *0 *0 *0 *0 ,0 *0 .0

?] L a'J,_ S_,, _ ,,) *0 *0 *0 *O ,0 ,0 ,0

?.1 TIIANIa_ OIO_JD_ 79,_0 *0 *_ ,0 ,O *0 . ,0 .0 .O

?+ "_IC_[L 5H.?I ,0 *O *0 *_ ,0 ,O ,0 ,0

_% :O_ _F._ b3, %_, o0 .112'¢ ,0 ,0 .O ,0 *q ,0

;'_ ")_USPqL)*_U.'_ P[_ToxIDE 141,9 t' .0 *0 ,0 *0 *0 *U *0 .U

71 v_.'_Dl.rm PE_TOXIOE I81*_q *0 ,0 ,0 ,0 *0 ,0 ,0 .0

?._ ;I_CONIU_ 3lOXlt)_. 123._E *0 .0 iO .O *0 ,_ *_J ,_t

_ 3.Aa_O'i IE,0! ,O *0 ,0 ,0 *0 ,0 ,0 ,O

]J 4)++3N Jlli'r bg*._ ,0 *O ,0 *0 ,0 *0 ,0 ............. *P

.I_ i'_-']_SULk'ATE 151,'+I ,0 *0 "- *0 *0 ,0 ,0 ,0 ,i?

33 :l;_;_:Jd5 3XIU". 95._4 *0 .0 .0 ,U *,) *0 ,0 ' *0

3_ _'_G',ESIU_ OXIDL _,U*31 *0 *fl .0 *0 ,0 .0 ,L} ,_

35 _-OS.P'Lq_tl.h T_IC_LO_IOE L37,_3 +<l ,0 ,0 *0 *el ,O ,0 *0

35 "+0_;+:4 T_IC_LOwlI'_[ III*17 *0 .O *0 .0 *0 *O *,t *_

3_ _,:_ESE 3IC._LO_L_E L25,6 _+ ,0 ,0 ,0 *0 ,U ,0 ,O ,0

.I¢ :4LCIO_ C_tLO_|DE IlO,q9 .0 .0 ,o ,0 *O .0 ,o ,0

r'0 _U_[_J _ C, LO;_IO_ lJ3*J*' .U .'t *0 *it +G ,0 ,t) ._

_? .F.:') ")I':_LJ'_IJF E/n.lv .+1 .0 ,0 ,U ,0 ,0 .U *0

•..I TIlt,'+Id'4 IF.P'_AC_LJ-_I,)E |_:;.?I .0 *0 .(1 *Is *O ,0 ,(' *0

'_ Ldu41C C-_.d_tiL)E 13_**_._ .I) *0 .O *O .ll ._ *b *]l?"

_h +!l'+C0s+|lJ _' TETRACHLO_ID_ ?J3,0J ,0 ,0 +- ,0 .t, .C, *0 *0 ,L_

,.t 4_.",_010"_ OlC_.O_tiOE L2L.P,b ,0 ,_ .0 "0 ,O ,0 .0 ,O

_,d "+.',C,';E_Iu" CH_,O_ID[ 95,2_ *0 *O .U ,O *0 *0 *0 ,0

_'_ _OL_:)_ OlCqL3,_lflE |0_.'_7 .0 .0 *0 .O tO *0 *0 *0

_3 _v;_:3:;Etl 5dLr|OE 3_.3d .0 ,_ .0 ,b ,0 .'0 *0 *0

51 -) [ P"+ _'_E _7.61 *0 *0 *0 .0 *0 .0 .0 .U

F_? -"H _,_ 1NL J_.. O0 .0 .0 *0 .I.. *0 ,0 .0 ,0

5_ ,_._ % I "_ 77.q5 ,O ,0 .O ,9 ----%0 ,0 *O ,01+

b" :'4._:?+lU"* HYL_"K)XI(J_. 86,0L *0 10 *0 *0 *0 *O ...... *0 *0

T'b Z_LC|J_ _D_3xlOE ?*,*09 .0 *0 .0 .0 .0 *0 *0 *0

57 ,',LU_I'_'JH HY_)'_UXlO_ 78.00 .0 .0 .0 .0 *0 .0 *O .3

_B 1_0"4 :'41"D;I'0.t,I_E I_9.8b .0 *0 *0 .0 ,0 ,U *0 ,0

b:J .EAB _/O_hxl3E . 2',I.20 *0 ,0 .0 ,0 ,0 ,0 *0 *0

b0 '_tC_Fk HCO_O_lOk 92.7_ *0 *0 .0 *0 *0 *O *0 *O

_I ;0P,+Fa HYU_OX|L'E, 97,!_5" *0 .0 *0 .0 *O *0 ,0 ;O

bE _l+_C:)_+ll)_ _YDt)0XIbE |59*?5 * 0 --1* * 9 * O ' U " " U * 0 * 0 * 0

_+3 .1'% ICAOI 5b*Ot_ ,0 ,O .0 *0 *0 ,0 ,0 ,(_
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_ S I !. :)_ A_[ lob,19 .t) ,.0 ,0 *0 ,0 .0 *0 ,U-

_._ .FT..Y_ SILANE 46,14 *0 *O *0 *0 '" .0 .0 *0 ,D.
_7 31"_.Y<YL $IkAhE bO,I? ,0 .0 ,0 ,0 *O *0 *0 *U

_B _r +_-'r LO 1CHLORO51L A_lE 115,0_* ,0 ,0 ,0 *u ,'J ,0 ,0 ,0
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,0 ,0 *0 ,5912E*_I ,15YSE-O? ,0

,0 ,0 *0 ,0 ,E3_3_-0_ ,0

,0 *0 ,0 *0 ,61_g*Od ,O

,0 .0 *0 *0 ,3_ ,0

,0 *0 *_ *0 l*%t_ *0

,0 ,0 *0 ,0 .0 ,0

,0 ,0 *0 *0 ,0 *0

,0 ,0 ,0 ,_0 ,_O04E-OI .0

,0 ,O *0 ,O ,0 *0

.0 *0 ,O *0 *0 .0

,0 ,0 *0 ,0 ,0 ,0

,0 ,U ,0 ,0 ,0 ,0

,0 ,0 .0 ,0 ,0 ,0

*U ,0 .0 *0 ..0 ,O

.,) ,0 ,O ,0 .0 ,0

*0 ,0 ,0 *0 ,0 o0

,0 ,O ._ ,0 ,0 ,_

,0 ,0 *U *0 ,0 *0

.0 ,0 ,0 ,O +0 ,0

*0 .O *0 ,0 ,q ,0

,0 ,0 *O *O ,0 *0

,') ,0 ,0 ,O ,0 ,0

*O .0 *0 ,0 *0 .0

,0 *0 *b *0 )0 ){)

*0 *0 *U *0 *0 *O

*0 *0 *O *q ,0 )U

*O °0 ,tl ,I) _0 _J

oO ,O ,i_ *0 °l) °_-

*0 °0 *O *O °0 *0

*0 *fl *1 *O *0 *0

*0 °0 *O +0 ,G )'l

,_ ,0 ,O *O *_l .O

,O *U °0 ,0 *O *0

,o ,l) ,o ,b ,0 *3

*0 U *=1 ,I+ *C *U

*0 *0 .U *O *0 *O

.0 ,0 *0 ..) ,0 .0

*0 *0 *0 ,n ,0 *U

*O .0 ,0 ,O ,0 ,0

*0 ,O *0 ,0 .0 *0

,0 +¢ *0 _0 ,0 ,0

*O .b ,O .g ,0 *0

,0 ,0 *_ .... *0 .0 .U

*O ,0 .0 ,0 ,0 ,0

*0 *C *_ *_ ,0 +O

*0 ,0 ,_ ,C ,0 *_

.0 .0 *0 *0 ,0 *_

.0 ,O .0 .(, ' .0 0

,0 .0 ,0 .0 )_ .0

,0 ,0 *0 .0 *0 *0

.0 ,0 *b .0 *0 *_

tO +0 *U *0 *9 *U

,C ,0 *0 ,it ,0 *C

*O ,0 .0 .V *U .b

,0 .0 ,O *O .0 .U

*0 °U *0 *0 ,I) ,0

*O ._ *O *0 .0 .0

*0 *0 *0 .O *0 ..'

+0 ,0 °0 .O ,O * 0

*0 ,0 *O .} *O ,U

*0 .0 *0 .3_87 ,37_I *U

3.b_o L,lq? IU*Od ,0 _,?Oq *_

*O .U .O *0 ,0 .0

*0 *0 ,O .O _*_93 *0

.0 ,O .O _*110 ._ .u

*O *O *0 ,0 ,0 ,O

.0 .(l *0 *O .0 .J

,t) °t) ,t} .O .0 .,)

*0 .t' mO *0 .O .O

*0 .0 *0 .,) *O *_

.0 ,0 °_ ._ *O .'>

*0 ,0 .0 *O *0 .(,

*0 ,C *0 ._ .O *,_

°(1 +_) *_ .8 +O *'+

.0 .0 *0 ,0 *0 *t:

.o ,i) *ll .) ,O ,rl

,,1 .o ,u ,n ,o ,o

*O ,U J *) *0 *O

,+1 .9 .0 *_ ,0 *_

.,l .0 *0 .O *0 *_

,:_ *.} *,} *v ,o ,v
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TABLE E-Ill:

(cont inued)
1000 I_FI'/YR COHMI_RCIAL PI,ANT
STREAH CATALOG (ISSUE 2)

._t_[a_ slLlahE _ P_,}I t5¢? IhOl_ 15_1

P (_ abIJ'_t ! FPS I ,_ _UtVO _JO* H' It)u,O0 IoL.OU

l£'_'}[J(Aldd_ , 0_6 f *_U*'_ IOOt(_O //,oq ]7000

_- I _ JZ{} F,_ACI IUN 0,0 U*U 0,0 I_*b

EWI..SALP'r a* ST_Aa Tf.HP,_TO/H_ Q*O U*O 0,b ¢*0

L',t'tat._v • _5C ,HTO/qrl O,O 0*U 0,0 O,O

,EaT OF FOuwall_N ._SC,ftlu/._ g0O OoU 0,0 0,0

ME31 ', _dI * M_B * ),F ,HTU/MR O*O 0,0 0.1) 0,0

rll_)| i n_T o a?_ * HF *IITO/gH'_O 0,0 ;}*(1 0,0 U*O

Idl/i_. 50l.|Ug #._THALP_r tHTO/HW 0,0 O*O O,O O*O

AVE'IAGE W(I_.ECOLI_ ,EIGHt b,_d5_ 0,0 J9,(t4_11 39,{14_SU

¢OWPJS|TI:I'_, _8-w0/_4

J _GON Jg,_5 *U

3X_GE_ 3_*00 *0

b :A_qON DIU_I3E *4,0| ,0

? WETHA_E Ib*0_ ,0

SILXN[ Jd,[_ *ll_e

|0 W(I_uC_O4OSI.A_E bb*56 .|41_E'_I

lI 3[C_LOWOSIkA_E |0i*0| *q_2qE-O!

I_ IRICH_ORU$I&_NE 135.45 *IetaEogl

_3 SILICON T_rwaCHL0XIOE 169,90 *3101E'O3

|4:sLOaI_E ?0.¢! ,0

15 aATER/STLAN |_*OZ zO

|b _[LICON EB,O_ ,0

17 CHRO_Iu_ OlO_IO_ b_,g9 *0

18 _ANGX_ESE OI_XIOE _b._4 ,0
|9 :ALC|UW 40*08 *0

_0 ALUMINU _ OxlOE lOl.go *0

_1 loON 55,85 *0

_ .EAD _01.19 *0

23 IIIANIUM UIOXIOE 19.gO *0

24 _ICKEL 58.11 ,O

ES :OP_E_ 63.54 *¢

2b _HOS_MOWU5 P_NTUX|DE 14I.g4 *0

21 VA_ADIU_ PE_TOXIDE 181.88 .0

28 IIRCUNIU_UI3XIUE ...... 1_3,2E ,0

E_ :A_BON 12.01 *0

30 _ORON UX[O_ b9.62 *0

31 6_5ENIC _E_TO_IUE EEY*84 *0 "

32 I_0N SULFATE IBI.gl .0

33 :uP_OuS OXIDE 95,5w .0

34 _A_ESIU_ 0xlOE _0.3I *0

3_ a_OSP_O_.'S TeICHLORIDE 131.33 *0

3b _O_ON TnICMLO_IDE Lll.17 *0

37 =_R0_IUM TRICHLOWIOE |bB..i5 .0

3B _ANOANE$_ DICH_OR|OE 1_5"o84 *0

J9 C_LCIJM LHL0_IDE |_0,99 .0

40 KUWI_UN C_OalOE 133,34 *0

41 rE_IC CH_O_l_E Ib_*El *U

42 _EAO DIC_U_IDE _?8.i0 .0

43 IITA_[UM TET_ACHLOq[o E 189,1| ,0

44 _ICK[_ CMLO_IOE |_9,6_ .0
45 :UPRIC CHLO_IOE |34,45 .0

46 LI_CO_IU_ TET_ACH_O_|O[ _3S.03 .0

41V_NAUIU_ DlC_kORIO[ 1_1.85 *0

49 waO_ESIU_ C_&ORIOE _5.EE *0

4@ SULFUR OICH_3RII)E 10_.97 .0

50 _YOaOGEN SULFIDE 34,08 ,0

51 _I_O_A_E" g7.67 "" *0

52 a_USP_INL 34.0U ,0

53 _5INE ??,_b .0

54 :qROWIUM MCD_OXIUE 8b*0i ......0

55 _A'(GA_SL HYOROAIU[ UB*95 *0 _"

_b =4LCId_'_TU_3XIO[ ?_*09 *0

57 4.U_I_uN _¢04UXIOE ?B*O_ *0

5B IqON HtD_OXI3L U_.db ,0

59 _XD MTD_OxIDE 24[,_0 ,0 °

60 _IC_E_ HYDROXIDE 92,7_ *0

61 _3P_E_ H_U40XlDE 97,55 *0

6E ZIWCONIUW r(Y_ROXIOE' 159._5 ,0

_3 *0

6_ ,0

6b .0

bb .0

b7 *0

6B ,0

6_ *0

10 ,0

,0

,0

. I}

,0

,0

,0

,0

,0

.0

,0

*0

,O

.O

.O

,0

,0

*0

*0

.0

,0

,0

.0

.0

*0

*0

,0

.V

,U

*0

0

0

0

0

0

U

O

0

,0

.0

. .q

*0

,0

.0

,0

,0

*0 -

*0

*0

,0

*0

*0

.O

*0 -

.0

,0

,0

,0

*0

,O

,0
.[HE ICAO) 5b,OB *0

SILICON U|3XIDE bO,08 ,0

_ILOXA_E 106.19 ,0

_THY_ SI_ANE 4_,14 *0

3[_ETHYL SILagE bO,l/ ,0

"[IHYgUICH_URO$1LANE ' 1|5,04 .0

_ETH_TRIC_LOROSI_NE 150._9 ..)

}IMLTHILIIICH.U403|LAN_ _9.06 *0

?1 :aR80_ ¢ CI IE.0| ,0 *0 *0

12 _¢OaOSCN I HI 1.0| 9._,6 *0 .0

13 NIT_OOEN (N) |4,0| *8835E-O_ *0 ,0

74 3X_EN ( U) I6,OU ,0 ,0 ,O

75 51LIC0_ 1511 _8,09 ,2b00 ,0 ,0

7b _HLO_INE (CLI 35.45 .3"187 .0 *0

77 I_GON CAR) 3g,95 *0 ,O ],0_4

15 _US°HOWuS (P) 30,97 ,0 ,0 .0

?9 _OWO_ ( HI I0*qI ,0 *0 ,0

80 :-_OwIUw IC_l ' _2.00 *0 ,0 ,0

82 :_uCIdw (_k) 40.06 ,_ .0 ,0

83 XLUWINUM IAL} Ib._B ,0 ,0 ,0

84 I=0N I_L) _5,8b *0 *0 .0

85 LEAD (_l 207,|q *0 *0 *O

Bb IItA_IUH (Ill 41.90 ,0 ,0 *0

87 _IC_EL (Nil 5B.71 ,0 *0 ,U

88 :3UOE_ (CII) 03,54 *0 ,0 ,0

89 ¢&._&Old_ ( V) _0._* ,0 ,0 *O

90 [I_COwId_ IZR) 9|.tP ,o *0 .0

ql SIILStJ_ ( 5} _2*()h I0 IO *0

9_ _5ENIC (451 ?_*qZ .0 .0 *0

T!iTX_ rLom 4,_17 *0 1.0_* ""

,0

,0

|,q6*

,0

,0

,O

,0

*U

,0

,O

,0

*0

.0

*0
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TABI,E E-IV;. TRACE COMPONI!NT ANALYSIS
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TABLEB-V: 1000 _/YR COHHF,RCIAL PLANT PIiYSICAL

PROPERTIIIS FOR PROCESS STRF,AMS (ISSUE 2)

_tREAM NUMBER

TEMPErATuRE* DEG r,
PRESSIJREt PSIA
LIOUID FRACTION
VlSCOSZTY, CENTIPOISE
THER,COND** BTU/HR-FT'F
DENSITYt LB'MOLE/FT*e3
SURFACE TENSION, DYNES/CM
PRANOTL NUMBER

DEW PT, / BUBBLE PT.,F

ENTMALPY, BTU/LB-MOLE

SPECIFIC MEATt 8TU/LB-MD*F

FLOW * ENTMALPYt BTU/HR

COMPOSITIONt LB-MOLES/HR

I HYDROGEN

2 NITROGEN
3 ARGON

OXYGEN

S CARBON MONOXIDE

CARBON O/OXIDE
? METHANE

B HYDROGEN CHLORIDE

9 SILANE
lO MONOCHLOROSILANE
1101CMLOROSILANE
12 TRICMLOROSILANE
13 SILICON TETRACMLORIDE

I_ CHLORINE
IS STEAM/WATER

lb TOTAL MOLES

100 lOl I0_

0,75002E 02 O,?SO02E OE 0,75002E 02
O,15000E 02 O,15000E Og O,20000E 02
0,0 0,0 O,IO000E Ol
O,IB3BSE-01 O,gI2B2E-02 0,45648E O0
O,1477gE-OI O,IOS3BE O0 0,58240E-0!
0,26157E'02 0,26125E-0_ 0,_9871E O0
0+0 0,0 O,IB94_E 02

0,71329E O0 0,7_516E O0 0,36201E 01
0,573_7E 02 -O,45B38E 03 0,15362E 03
0,37072E 04 O,362B|E 04 -0,17929E 04
O,68255E O1 0.69763E 01+ 0,32439E 02
0,0 0,0 0,0

0,0 0,0 0,0
0,15535E 03 0.0 0.0
0,185_3E 01 0.0 0.0
0,41679E 02 0.0 0.0
0,0 0.0 0,0
O,B96OBE_OI 0.0 0,0
0,0 0,0 0,0
0,0 0.0 0,0
0,0 0.0 0.0
0,0 0.0 0,0
0,0 0.0 0,0
0,0 0,0 0,0.

O,O 0*0 O,IT178E Ol
0,0 0,0 0,0
0,31595E Ol 0,0 0.0 .
OeEO211E 03 0,0 O,1717BE Ol

lOB 105 106 107

O,30000E 03 O*ISO01E 03 0,75002E 02 0,9_401E 03
O,filb/OE 03 0,_1670E 03 0,14700E 02 O,SIb70E 03
0,0 O*O 0.0 0,0
O.IIS_IE-OI O,_9a47E-02 O,IB3BSE-OI 0,_9096E-01
O,l_21BE O0 O,iI906E O0 O,i_?7_g-Ol 0,36460E-01

0,623_9E-01 O,_7_17E-O| 0,_563_£-02 O,345)PE-OI
0,0 0.0 0,0 0,0
O,BBI30E O0 O*700]_E O0 -0.71322E O0 0,37_89E O0

-0,_84_E 03 -0,_5843E 03 0,5_838_ 02 O,3O50qE 03
0,5_1_5E O_ O*RIBBAE 04 0,3707_E 04 0,20543E 05
0,69705E Ol 0,69878E OI 0,6_2_5E Ol O,1710IE O_
0,0 Q,O 0,0 0,0

0,2857_E 00 Q,2828BE 02 0,0 0,20960E 03
0,0 0.0 0,15535E 03 0,98389E-01
0,0 0,0 O,I_5_3E O1 0.0
0,0 _*0 0,_1679E 02 0,0
0,0 0.0 0,0 0.0
0.0 0.0 ......... 0,59605E-0I 0,0
0,0 0_0 0,0 0,0
0,0 0.0 0.0 0,237_0E 00
0,0 O*O 0,0 0,23783E-03
0,0 0,0 0,0 0,7598_E-02
0,0 0,0 0,0 0,2732_E 00
0.0 0,0 0.0 O,1BB_8E O_
0,0 0.0 0,0 0,20960E 03
0,0 0.0. 0,0 0,0
0,0 O*O 0,31595_ Ol 0,0
O,RBST_E O0 O,_B288E 02 O,_0210E 03 O,_3B6BE 03

STREAM NUMBER 108 109

TEMPERATUREt DEG F. 0.93_00E 0_ 0.12000E 03
PRESSURE, PSIA 0,51_70E 03 O*_O000E O_

LIOUIO FRACTION 0.0 O,IO000E 01
VISCOSITYt CENTIP015E O,Z8715E-OI- 0,36055E 00
THER.COND., BTU/HR-FT-F 0,33578E-01 0,52_98E-01
DENSITY* LR-MOLEIFTe*3 0,34B04E-01 0,kBRgTE 00
SURFACE TENSION,DYNES/CM 0,0 0,16716E 02
PRANDTL NUMBER 0,_0079E O0 0,32013E Ol

OEw PT, / BUBBLE PT,,F 0,36386E 03 O*[SO03E 03
ENTHALPY_ BTU/LB-MOLE O,_O?OOE 05 -O,_063BE 03
SPECIF|C HEATt BTUILB-MO-F 0,17691E 0Z 0*32_0EE 0_
FLOW * ENTHALPY* BTU/HR 0_0 0,0

COMPOSITIONt LB-MOLES/HR

I HYDROGEN

2 NITROGEN

3 ARGON

OXYGEN

5 CARBON MONOXIDE

6 CAR_ON DIOXIDE
? METHANE

B HYDROGEN CHLORIDE
9 SILANE

10 MONOCHLOROSILANE

It DICHLOROSILANE
12 TRICHLOROSILANE

13 SILICON TETRACHLORIDE

I_ CHLORINE

15 STEAM/WATER
16 TO1AL MOLES

0,18560E 03 0.0
0,98389E-01 0,0
0,0 0.0
0,0 0.0
0,0 0,0
0,0 0,0
0,0 0,0
0,34757E O0 0.0
0,2_658E-03 0,35572E-04

O,20002E'OI O*IB_40E-OZ
O,15_qOE OI O.IBBO7E-OI
O,GAI78E OE O,I030_E O_
0,17_95E 03 O.lg_AOE 03
0.0 0,0
0,0 0.0
O,42674E 03 0,20473E 03

110 III I12 I13 II_

0,37501E-03- 0.35600E 03 0.35600E_03 0,35600E 03 O,IO000E 03
0,51370E 03 0.57_70E 03 O,SI_70E 03 O,St270E 03 0,51.170E 03
0.50000E O0 O,IO000E Ol O,IO000E O1 0.0 O,50000E O0
0,_7113E-0I O,llSllE OO Q*IIT26E O0 O,20?I}E-OI 0,30130E O0

O,ES549E-Ot 0.38066E-01 O,38605E-Ot 0.157_7E-01 O,SbBOSE-Ol
0,78374E-01. 0.369_E 00 0,37059E O0 0,75960E-01 O.51Ag_E 00
0,_9470E-01 0,20667E Ol 0,B3803E Ol 0,0 0,16583E Ol
0,8_2_8E O0 O,20lSbE Ol O,20407E Ol O.E3_SOE O0 O,20_lgE Ol

0,37501E 03 -0,A5606E 03 -0,.45601E 03 0,39_08E 03 0,IO000E 03
0,10950E 05 0,?GBS_E O_ 0._TE29E O_ 0,IZ3_IE 05 0,_35_E 0_
0,31969E 02 0,44366E 0E Q,4_E O_ O,RZ68EE 02 O._SE22E 02

0,0 0,0 0.0 0,0 0.0

0,19830E 03 0,10700E 02 O,16467E-01 O,I9|OOE 03 0,19150E 03
0,10871E O0 0.10327E*01 0.15807E-0_ 0,10363E O0 O.lO_lRE O0
0,0 0.0 O,O 0,0 0,0
0.0 O.O Q*O 0.0 0.0
0,0 0,0 0,0 0,0 0,0
0.0 0,0 g,O 0.0 O,O
0,0 0,0 O,0 0,O O,0
0,5_980E 0O '0,20_23E 00 0,2_255E-03 0,_?8_0E 00 0,_9038E 00

0,37453E*03 0,10795E*03 0,_5979E-07 0,350_SE-03 0,358_3E-03
O,4_57_E-Ol 0,24570E-01 O,_3BPgE-O_ 0,36923E-0i O,38_9BE-OI

0,50520E OI 0,35031E Ol O*_I_I6E-02 0.30763E Ol 0,3_190E Ol
0,23538E 03 0,17120E 03 O,3_B53E O0 0,12975E 03 O,135BTE 03
O,ROGO3E 03 0,63108E 03 0,13735E 01 0,3560bE 03 0,38380E 03
0,0 0,0 0.0 0,0 0,0
0,0 0,0 0,0 0,0 0,0
O,IZ_35E O_ O,8Ib72E 03 O,t?250E Ol O,_9050F 03 0.71502E O]
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STREA_ NUH_[R

TEMPERATUREs OEG F,
RRESSUQE, PSIA
L[QUIO FRACTION
VISCOSITY, CENT/POISE

THER,CONO,, BTU/HR-FT-F

O{NSITYs LR-MOLE/FTe*3
SURFACE TENSION. DYNES/CM

PRANOTL NUMBER
0EW PT* / BUBBLE PT,,_
ENTHALP¥, BTU/LB-MOLE

SPECIFIC HEATs BTU/LB-MO-F
FLOtl • ENTHALBYs BTU/HR

COMPOSiTIONs LB-MOLES/HR

I HYOROGEN
NITROGEN

3 ARGON
4 OXYGEN
5 CARBON _ONOxIDE

6 CARBON OIOXIOE

T METHANE

B HYOROGEN CHLORIDE
9 SILANE

l0 MONOCHLOROS|LANE
1I DICHLOROSILANE

12 TRICHLOROSILANE

13 SILICON TETRACHLORIOE

I@ CHLORINE

IS STEAM/wATER

16 TOTAL MOLES

I000 MT/YR COMMERCIAL PLANT PIIYSICAI,

PROPERTIES FOR PROCESS STRI!AMS (ISSUE 2)

I_5 |16 If7 I18 I19 120 121

0,10000E 03 0,I0000E 03 0,10000E 03 0,10000E 03 0*I0000E 03 0,10000E 03 0,10000E 03

0,5|370E 03 0,fi|370E 03 0,57P70E 03 0.SI070E 03 0*_|070E 03 0,S|070E 03 0,52170E 03
O,LOOOOE OI O,IOOGOE Ol O,IO000E Ot O,O O,lO000E Ol 0,0 0,0

0.3529_E O0 O.352q4E O0 0.3529_E O0 O.IbOBPE-O1 0._529hE O0 O. I60BZE-OI 0.16187E-01
O,Sh397E-Ol _,Sh3gTE-O1 + 0,5_397K-0| O,62hOOE-Ol O,S_3gTE-OI 0.62hOOE-Ol 0,626_0E-01
O,sIgGRE O0 O,51gGBE O0 O,51gGRE O0 O,BhT_SE-Ol O,SIgGBE O0 O,B4T_SE-Ol O,BGS59E-O1
0,B0142E Ol 0.801h4E Ol 0,7313_E Ol 0.0 Q,80SIIE Ol 0,0 0*0
O,31hOBE Ol 0,31408E Ol O,31hOBE Ol O,257h5E O0 Q,31hOIE Ol 0.25745E O0 O.25BIOE O0

-0.45h03E 03 -0.4Sa0_? 03 -0,hSh03E 03 0,21393E 03 *0,_5403E 03 G,21393E 03 0._ISSSE 03
-0,|2463E Oh -O,II_JE Oh -0,12463E Oh 0,4_978E Oh -0,|_463E Oh 0,4597BE 04 O,h_981E 04

0+3lhBTE 02 0.31_82E 02 0,31h8TE 02 0,g6BGhE Ol 0*3Ih_�E 0_ 0.qGBG_E GI 0,95930E Ol

0,0 0,0 0,0 0,0 O,0 0,0 0,0

0,50_35E O0 O,Sh179E Ol 0.50h35E O0 O,IBIO3E 03 0._5525E Ol 0,18103E 03 0,18103E 03
O,kB940E-03 0,5257hE*02 O,hB940E*'03 0,93951E-01 O,4h177E-02 0.93951E-01 0,93951E-01
0.0 0.0 0.0 0.0 Q.O 0.0 0.0
0,0 0,0 0.0 0,0 Q.O 0,0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0,0 0.0 0,0 0.0 0.0 0,0
0.0 0.0 0.0 0.0 0+0 0,0 0,0

O.12181E-Ol O.130RSE O0 O.II181E'OI 0.23740E O0 O.IOg93E O0 0.23740E O0 0.237_0E O0
0,77807E-05 O,83586E-04 O,77807E'G5 0,19663E-03 O*?023_E-Oh O,19b$3E"03 O,IgGb3E-03
O.15757E-02 O.16927E-OI 0.15757E-02 0.577_8E-0_ O.t_223E*Ot O.S?72BE-O_ "0.57728E-02
0.14273E O0 O.IS333E O! 0.I_273E O0 0._5462E O0 0.22884E O! O._S_6_E O0 0.25462E O0
O.6IISOE O] 0.657_8E O_ O.612SOE O1 O.R6_E OI 0.55288E 02 O.B66_E 01 0.866_E O!
0.1_73_E 02 O.I90S3E 03 0.17736E 02 O.15_h5E 02 0._6009E 03 O.ISh4SE 02 O.15h_SE 02
0.0 0.0 0,0 0.0 -- 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0,0
O.Ih522E 02 O.263h3E 03 0.2_522E 02 0.20573E 03 O*_213SE 03 0.20573E 03 0.20573E 03

a
el

% :.

,. _,,',

STREAM NUMBER

TE_PERATUREt OEG F,
PRESSURE* PSIA
LIOUIO FRACTION

VISCOSITYs CENIIPOISE
THER,COND,, BTU/HR-FT*F

DENSITY* LB'MOLE/FT•*3
SURFACE TENSIONs DYNES/CM

PRANOTL NUMBER

OEW PT, / BUBBLE PT,+F
ENTHALPYs BTU/LB-MOLE
SPECIFIC MEATs BTU/LB-MO-F

FLOW • ENTHALPYt BTU/HR

COMPOSITION* LB-NOLES/HR

HYDROGEN
2 NITROGEN
3 ARGON

OXYGEN

5 CARBON MONOXIDE
6 CARBON 010XIDE
T METHANE
B HYDROGEN CHLORIDE
9 SILANE

10 MONOCHLOROSILANE"
It OICHLOROSILANE
12 TRICHLORO$1LANE
I3 SILICON TETRACHLORIDE

I_ CHLORINE

15 STEAM/WATER

|b TOTAL MqLES

122

O.96LOOE G3
O.SI670E 03
0.0
0.29062E-Ot
0.12573E O0
0.33511E'0!
0.0
0.25_26E O0
0,21_82E 03
0,12179E OS
0,92839E O|

0,0

0,18103E 03

O,g395|E-OI
0,0
0.0

0,0
0.0
O,23T_OE _0

O,19663E-03
0.57728E-02

0,25_62E O0
O,88bk_E Ol
0.lShhSE 02
0.0

0.0
0,_05T3E 03

123 I_ 125 126 127 128

G.g690LE 03 O._9_E 03 O.IO000E 03 _O000E 03 0o75002E 02 0.75002E 02
0.51670E 03 +-0.52170E 03 0.95000E 02 O._O000E 03 O.20000E 02 0.52670E 03
0.0 0.0 0.10000E 01 Q.10000E Ol 0.100O0E 01 0,10000E 01
0.281B9E-01 0+27952E-01 0.35_9kE 00 0.3529hE 00 0*h_965E 00 0.k_9_SE 00
0,|2591E-01 0,97127E'02 0,5_397E-01 O*$h397E'O1 0,58110E'01 O,5BIIOE-OI -

O,3639hE-OZ O,125SOE O0 0,5196_E O0 O*_I9_8E+O0 0,50_73E O0 0.50_73E O0 -
0.0 0.0 0.1a539E 02 0.}_3E 02 0,18960E 02 0.87335E Ol

O,8hBOOE O0 -0,12221E 01 O,31_OhE 01 0.31402E O} O,3_O_E Ol 0,36022E 01
O.k4362E 03 O.h_4B_E 03 -O.hS_O3E 03 *Q.4S_O3E 03 O.|SOO6E 03 O._h_?IE 03
0.31293E OS O.I6IlhE 05 -0°I2h63_ O_ -0°12_63E Oh -0.18605E O_ -0.I8605E 04

0.26332E.0_ -0.16732E 02 O.31hShE 02 *O.3I_SSE 02 0.32363E O_ 0+32363E 02 .
0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 O._S5?SE Ol 0._5525E Ot 0;0 O.O
0.0 0.0 0.,4177E-02 O.khl77E-O2 0.0 0.0
0,0 0,0 * 0,0 g.o 0,0 0,0
0.0 0.0 0.0 O*O 0.0 0.0
0,0 0,0 0,0 g.0 0.0 0.O
0.0 0,0 0,0 0.0 0.0 0.0
0.0 0,0 0.0 O,O 0.0 0,0
0,0 ' 0,0 0,10995E O0 Q,IO99SE O0 0,0 0.0

0.36206E*0_ 0.36206E-04 0.7023_E*Oh O.1023_E-Oh 0.36572_-0_ 0.36572E-0_
O.IB256E-02 O.IBIS6E-02 0,1_223E-01 _.th223E-Ol O,lfih_OE-02 O,IB_OE-02
0.18619E-01 0,1B619E-01 0.I2BB_E 01 0.1288_E 01 0.1RB07F-01 0.I_B07E.-01
0.10203E Oa 0.10203E O_ 0.55_88E 02 Q.S52_BE O_ 0,IO3OGE 0Z 0.1030_E 02
0.I9_ISE 03 0.I�_[SE 03 0.16009E 03 _*[6_09E 03 0°Igbl2r 03 0.lgb|_E 03

0.0 0,0 0,0 O.O 0,0 0°0
0.0 0,0 0,0 0.0 0.0 0,0
0,20_37E 03 0,20_37E 03 0,22_3SE 03 QoB2|35E 03 0._O6_SE 03 O.?06_E 0_

...... !
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STREAM N{)HBE_

TEMPERATUREw DEG F,
PRESSURE, PSIA,
LIQUIn FRACTION
VISCOSITY, CENTIPOISE
THER,CONO,, BTU/HR-FT-F
DENSITY, LR-MOLE/FTee3
SURFACE TENSION, OYNES/CN
RRANOTL NUMBER

OEW PT. / BUBBLE PTo*F
ENTMALRY* BTU/LB-MOL6
SPECIFIC MEAT, BTUILB'MO-F
FLOW • ENTHALRYo 8TU/HR

COMPOSITION, LB-MOLES/HR

} HYDROGEN
2 NITROGEN
3 ARGON
4 OXYGEN

S CARBON MONOXIDE
6 'CARBON DIOXIDE
7 METHANE
8 HYDROOEN CHLORIOE

9 SILANE
I0 MONOCHLOROSILANE
II OICMLOROSILANE

12 TRICHLOROSILANE
13 SILICON TETRACHLORIOE
14 CHLORINE
IS STEAM/WATER
16 TOTAL HOL6S

TABLE E-V:

Ccontinued).
I000 MT/YR CO_II!RCIAL PLANT I'IIYSICAI+

PROPERTIES FOR PROCESS S'FI{EAHS (ISSUE 2]

l?q 131 132 200 201 202 203

0,356002 03 0,??000E 02 0,?500EE 02 0,2|700E 03 O,_4RIE 03 0,21900E 03 0,13021E 03

0,512702 03 0,Ikq00E 02 0*150002 07 0,550002 07 0*6q600E 02 0,?0000E 02 0,654002 OR
0,I0000E 01 0,0 0,0 0,I0000E 01 O*I0000E 01 0,0 0,0
0,11SllE 00 0,178452-0! 0,912822-07 0,247_52 00 0,_28032 00 0,137_92*0| 0,1239BE-01
O,386f166-Ol O,I4g6BE°O1 O,IOS3BE O0 0,43561E-0! O*q3q23E'Ol O,57k33E-02 0,11_02E-01
O*3694kE O0 O.25fiBIE-02 0.261252-02 O.4k9PBE O0 0.q76632 O0 0.106522-0| 0.10fl_lE-OI
0,226632 0l 0,0 0,0 0,ll/*sqE 07 0,_08952 02 0,0 0,0

.0,2014kE 01 0,?0090F 00 0,725162 00 0,275602 01 0*2??BRE 0! 0,731842 00 0+436292 00
-0.k56062 03 "0*320222 03 -0.k58382 03 0.2|85BE 03 O*_lB19E 03 0,22168E 03 O.13|OfiE 03

0,76868E 04 0,37_34E 04 0,36281E 04 0.27750E Ok 0._3306E Ok O,12k24F 05 O,6k616E 04
0,4_?20E 02 0,68084E Ol 0,6q7632 01 0,337542 02 0,351062 02 0,?_EIOE 0E 0,136776 02
O,O 0,0 0,0 0,0 0,0 0,0 0,0

O.IO?OOE 02 0.0 O*IO000E Ol 0.0 0.0 0.0 0.457626 Ol--
0.103272-01 0.83565E-02 0.0 0.0 0.0 0.0 O.4k66kE-02
0,0 0,0 0,0 0,0 0,0 0,0 0o0
0,0 0,0 0,0 0,0 O*0 0,0 0,0
0,0 0,0 0,0 0,0 0*0 0,0 0,0
0,0 0,0 0.0 0,0 0,0 0,0 0.0
0,0 0,0 0,0 0.0 O*O 0.0 " 0,0
0.202232 O0 0.0 0.0 0.0 O*O 0*0 0.154192 O0
0.10795E-03 0.0 0.0 0.365726-0_ 0*859616-02 0°872532o02 0.17701E O0
0.24570E-0! 0,0 .0,0 0.18_402-02 O._91kOE-03 0.14563E-03 0.19B136 O0
0.350312 Ol 0.0 0,0 0.18807E-01 0.28382E 01 0.16_912 O1 0.731722 Ol
O.l?l?OE 03 0.0 0o0 0.I0306E 02 0.980702 02 O.k2800E 02 0.392006 O1
0,63108E 03 0,0 0,0 O,19_OE 03 0*21779E 03 0,57699E 02 0.19786E O0
0,0 0,0 0,0 0,0 0*0 0,0 0,0
0.0 0.0 0.0 0.0 0*0 0.0 0.0
0.81672E 03 0.835652-02 O.IO000E Ol 0.204732 03 0.318712 03 0.I02162 03 O.16SkSE 02

=/ ,-

STREAM NUMBER

TEMPERATURE, OEG F.
PRESSURE, PSIA
LIQUI0 FRACTION
VISCOSITYt CENTIPOISE
TMER.CONO.. BTUIMR-FT-F
OENSITYt LB'MOLE/FTI*3
SU+_F'ACE TENSION, .DYNES/CH
PRANOTL NUMBER

DEW PT, / BUBBL6 PT.,F
ENTMAL_Y* 8TU/LB°MOLE
SPECIFIC HEAT, BTU/LBoMO-F
FLOW • ENTHALP¥* BTU/HR

COMPOSITION. LB-MOLES/HR

I HYDROGEN
2 NITgOOEN
3 ARGON
4 OXYGEN

5 CARBON MONoxIDE

6 CARBON DIOXIDE

? METHANE
8 H_OROGEN CHLORIDE
g $ILANE

I0 _ONOCHLOROSILANE

11C_CHLOROSILANE

12 TRICHLO_OSILANE

13 SILICON TETRACMLORIOE
I_ CHLORINE

15 S_E_M/wATER

16 TOTAL MOLES

20_ 205 Z06 ZO? 208 209 210

-0.25600E 02 -0.25_00E 02 0.21900E 03 0.213212 03 _.al?40E 03 0.159602 03 O.I54kOE 03

0.64_002 02 0.70000E 02 O.TO000E 02 O.S_800E 02 0.550002 02. 0.50700E OZ O.;q200E 02
O,lO000E Ol O,IO000E Ol 0,10000E Ol O,IO000E 01 O,O 0.0 0,10000E O1
0._3782 O0 0*53_102 O0 0.22891E O0 0.2_720E O0 0*13625E-01 0.12565E°01 0.227012 O0
0.700852-01 0,701172-01 0.k36136-01 0._386_E-01 0._7222-02 0.545782-02 0._7786_-01
g,?130?E 00 0,804_7E 00 0,46870E 00 0.45_882 00 0*82539E-02--0,81692E-02 0,598862 00
0.398682 Ol 0.18518E OE 0.10801E 02 0.115536 02 0*0 0.0 0.119582 02

0.20313E O1 0.3_7832 Ol 0.27606E 01 0.276632 Ol 0.6q_09E O0 0.6597TE O0 0.27852E Ol
*0._56032 03 °0._52532 03 0.2275_E 03 0.?15372 03 0,_18322 03 0.160752 03 0.153202 03
*0.3_608E Ok °0.595622 Ok 0.255_qE O_ 0.259_2E 04 0.}3475E 05 0.94a736 Ok -0.76712E 03

0.|92212 02 0.2k2?32 02 0.34939E 02 0.338352 02 0.748972 02 0.186332 02 0.30952E O_
0,0 0,0 0,0 0,0 0,0 0,0 0,0

0.457622 O1 0.236R22-01 0.0 0.0 0.0 0.0 0.0
O.;46bkE-O_ 0._8?572-04 0.0 0,0 0*0 0.0 0.0
0,0 0,0 0.0 0.0 OoO 0,0 0,0
0,0 0,0 0,0 0.0 0.0 0.0" 0,0
0,0 0,0 0,0 0,0 0*0 0,0 0,0
0.0 0°0 0,0 0.0 0,0 0,0 0,0
O,O 0.0 0,0 0.0 0.0 0.0 0,0
0,15_19E O0 0.442_52-01 0.0 0.0 0*0 0o0 0.0
0,11?012 00" 0,59063E-01 0,370812"03 0,0 0*0 0,72081_ 00 0,270812 00
0,19813E 00 0,183952 00 0,457712-0_ 0,0 O*0 0,316772 01 0,316772 0[
0,731722 Ol 0.7_1?92 01 O,IIB91E Ol 0,152422 O0 0,}_0322 O0 0,??9302 02 0,??q30E 02
0,39700E 01 0,3_0182 01 0,SSS?0E 02 0.89263E 02 0,_93032 02 0.?30362 03 0,730362 03
0,19786E O0 0,197S4E O0 0,16009E 03 O,R8?SIE 03 O,6_11E 03 0.13636E 02 0.13636E 02

0,0 0,0 0,0 0°0 O°0 0°0 0.0
0.0 0.0 0.0 0.0 0*0 0.0 0.0
0.165_5E O_ 0.1_ _r_ 02 0.2165BE 03 0.97697E 03 O.??R55E 03 0._253iE 03 0.825312 03
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8._̧ ..'

F

rFT_PEPATU_E, OEG F',

pr;rqqt/p[, PSIA .

L I.)UII_ _ ;_AcTION

VI'_C_S|I Y, CENT.I POISE

THER.CON0. t BTU/HR-F T-F

{_EN91TY, LH'MOLE/FT**3

(:.!/PFACE TENSION, DYNE$/CH

P_ANOTL MUMBLER

DEW PT. / BUBBLE PT.,F"

FNT_LPYt BTU/LB-MOLE

SPFCIFIC HEAT, BTU/LB-HO-F

F'I.OW • ENTMALPY* BTU/MR

COMPOSITION, LB-MOLES/HR

TABLE! I_-V:

(continued)
1000 HT/YR C01_NERCIAL PLANT PIIYSICAL

PROPEIITIES FOR PROCESS STRI2AHS CISSUE 2)

211 212 213 21_ 215 2|b 217

O.15_0E 03 0.15_00E 03 0.15_0E 03 0.IS_0E 03 0.|58O0E 03 0.15800E 03 O.326QOE 03

0.37000E 03 0._000E 02 0.55000E 02 0.32000E 03 0.85000E 0_ 0.RS000E 02 0._lgg0F 03

0.10000E 01 0.10000E 01 O,IO000E 0l 0.10000E 0l 0.10000E 01 0.10000E Ol 0.10000_ 01

0.22707E 00 0,23110E 00 0.22707E 00 0.22707E 00 O.EEg0bE 00 0.22g06E 00 0.99677E-01

0,_77B6E-01 0,_7654F-01 0,47786E-0I 0,47786E-0| 0,47564Eo01 0,4756_E-01 0._E5_F-Ol

0,59BB6E 00 0.SB357E 00 0,SgBR6E 00 0,SgBBTE 00 0*_83g_E 00 0,SB3g6E 00 0,_51_5E 00

0.BQ653E Ol 0.11731E 0Z 0.IIFBTE 02 0.BgbS_E ol 0,11606E 02 0.1160bE 02 0.3|R38E 01

0,27376E 0l 0.27922E 01 0,27858E 0I 0,27372E 01 0,27076E 0I 0,_7076E 0I 0,ITaliC 01

0,31857E 03 0,1gYqEE 03 0,16091E 03 0,31BYTE 03 0,R0173E 03 0,20173E 03 0,3271_E 03

-0,7BB27E 03 -0.523BBE 03 -0,Tb951E 03 -0,7882BE 03 -0,53680E 03 -0,53680E'03 0.52865E 0_

0.31560E 02 0.323_2E 02 0.32116E 02 0.31556E 02 0.315B_E 02 0.3158_E 02 0._IT0_E 02

0,0 0,0 0,0 0,0 0,0 0,0 0,0

1 HYdrOGEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0

? NITROGEN 0.0 0.0 0.0 0.0 0.O 0.0 0o0

3 A_a0N 0,0 0.0 0.0 0,0 0,0 0.0 0.0

0_YGEN 0.0 " 0.0 0.0 0.0 O,0 0,0 0,0

CA_0N MONOXIDE 0.0 0.0 0.0 0.0 0.0 0.0 0.0

6 CARBON DIOXIDE 0,0 0.0 0,0 0,0 0,0 0,0 0,0

7 METHANE 0.0 0.0 0,0 0.0 0,0 0.0 0.0

HYdrOGEN CHLORIDE 0,0 0.0 0.0 0.0 0.0 0.0 0.0

SIL_NE 0.22081E 00 0.g6983E-01 0.123_5E 00 0.9735eE-01 0.0 0.0 0.0

10 MONOCHLOROSILANE 0.31877E 01 0.13967E Ol 0.17710E Ol 0.13967E Ol 0.86611E-02 0.B6692E-02 0._5255E-0!

11 DIC_LOgOSILANE 0,77930E 02 0,331_E 02 0,#3569E 02 0,3_3blE 02 O.B33R_E 01 0,23_08E Ol 0,116B?E 02

12 T_ICHLOROSILANE 0.73036E 03 0.27672E 03 0._0833E 03 0.32203E 03 O.3_Eg6E 03 0.3_330E 03 0.12072E 0_

l_ 5ILICON TETRACHLORIDE 0,13636E 02 0._.0313E 0Z 0,7_23_E 01 0.60122E 0l 0.8_000E 01 0,6_06_E 01 0,19BSIE 02

l& C_LORINE 0,0 0,0 0.0 0,0 0,0 0,0 0,0

IS _TE_MIWATER 0.0 0.0 0.0 0.0 0.0 0.0 0_0

I_ TOTAL MOLES 0.82531E 03 0.35171E 03 0._61_2E 03 0.36390E 03 0.35171E 03 0.35206E 03-.._.I23BRE 0_

ST_KAw NU_BEQ

TEWOEOATUPE, OEG F,

P_ESSE)_E* PSIA

LIQUID F_AcTION

VISCOSITY, CENTIPOISE

TwE_.CONO., RTU/HR-FT-F

0ENSITY_ LB'MOLEIFTee3

SURFACE TENSION_ OYNES/CH

P_ANDTL NUMBER

DEw oT0 / BUBBLE PT,,F

ENT_ALPY. BTU/LB-MOLE

SPECIFIC HEAT, BTUILB-H0-F

fLOW • ENTHALRY, 8TU/HR

Kr)uP_SITION, LB'MOLE$/HR

218 _19 aE0 EEl 222 223 27=

0.32731E 03 0.25650F 03 0.2_879E 03 0.2_879E 03 0.24879E 03 0.12E00E 03 0.I2200E 03

0.32000E 03 0.3ISIOE 03 0.32000E 03 0.31_IOE U3 0.55000E 03 0.5_g00E 03 0°_00_ 03

0.0 0.0 0.I0000E 01 0.10000E 01 0.I0000E 01 0.I0000E 01 0.I.0000E 0t

0.17560E-01 0.I5_BE-01 0.96507E-01 0.g6508E-01 0._6508E-0! 0.19617E 00 0.173_7E _0

0.B260,E-02 0.g008BE-02 0.3258gE-01 0.32589E-01 0*32589E-01 0°5025"E-01 0.SI0,EF-0=

0.5_Bg6E-01 0,STOBSE-0t 0,61913E 00 0o61913E 00 0,_1913E 00 0,Tf073E 00 0.72_72E _

0°0 0.0 0,3214_E 0! 0,323IRE 01 g,_SglSE 01 0,59398E 01 0°SBI0!E 0|

0.ggTBTE 00 0,33237E 00 0,13377E 02 0,13375E 0_ 0,i3_79E OE 0,EB027E 0l 0,227_AE 0I

0.32800E 03 0.25792E 03 0°E380IE 03 0.23612E 03 0°_977_E 03 0.Eg750E 03 0.EI_IOE 03

0°|1777E 05 0.76792E 0_ 0.20197E 04 0°20228E 0_ 0.I8638E 0_ -0.28700E 0_ -0.]gl_F O_

0.383?_E 0E 0°]0_68E 02 0.g_lAE 02 0.76570E 02 0*_83g_E 03 0._901SE 02 0.2705_ r 07

0.0 0,0 0,0 0.0 g,0 0,0 0,0

l HY_0GEN 0,0 0.0 0°'0 0°0 O°0 0,0 0,0

'_ITa0GEN 0.0 0.0 0,0 0,0 0,0 0,0 0°0

1 _GON 0.0 0.0 0,0 0.0 O,0 0,0 0.0

OXYGEN 0.0 0.0 0,0 0.0 0,0 0,0 0,0

CARBON MONOXIDE 0.0 0.0 0,0 0,0 0.0 0°0 0.0

C_qON DIOXIDE 0,0 0.0 0,0 0,0 0.0 0,0 0.0

7 "ETHANE 0.0 0,0 0,0 0,0 0*0 0,0 0,0

HYDO0GEN CHL0PIDE 0°0 0,0 0,0 0°0 0,0 0,0 0.0

_It. ANF 0°0 0°25337E 01 0,20706E 01 0,25337E 01 0,4630_E 00 0°_630_E 00 0°!21q|E hP

1o wONOCHLO_OSILANE 0,36586E-01 O,IOROIE 03 0.88272E 0_ 0,1080IE 03 0,_9739E 02 0,19739E 02 0,183_3_ oP

l| DIC_LO_OSILANE 0,93_61E Ol 0,_1_13_ 03 0,33_5E 03 0._I_I3E 03 O*?56B_ 02 0,T56B_E 0_ 0,_3_,_ 0;

I; TeICHLOROSILANE 0,H6392E 03 0,5BI00F 0_ 0,_?_B2E 02 0,SBI00E 0P 0,I0648E 02 0,1061BF 02 0,3lB()_F 0P

13 qILICON TETRACMLORIDE 0,13_E 02 0°lq_*01 0°ISg0gE-01 0,|9_6bE-01 Q,35S75E-0_ 0.35575E-02 0.397B_ 00

I & CHlOrINE 0,0 0*0 0°0 0.0 O.0 0.0 0.0

I_ _TF^MI_ATER 0,0 0,0 0,0 0.0 0,0 0,0 0,0

1_ rOTAL HOLES 0,89675E 03 0.58279E 03 0,_7629E 03 0°5B27gE 03 0*_06$1E 03 0,10851F 03 0°I06%1_ o3

k.
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STRLAH HLIMH_IR

TE_PERAhI_E, OEG F,

PRE_SLIRk. P_IA
Ll()llln FR_cT|o_
VISCOSITY, C_NTIPO|SE
THF_.COND,, HTLI/HD-FT-F
_ENSITY, L.H'W_LE/FTee3
SURFACE TENSIONt 0YNE_/CW
PRANOTL NUMHER

I)Ew PT, / _t)HRLE PT,,F

_NTHALPYt RTLI/LB-MOLE

SPECIFIC HEAT, BTU/(B-MO-F

FLOW • ENTHALPYt BIU/_R

COMPOSITION. LR-MOLES/HR

| HYDROGEN

2 NITROOEN

] ARGON
4 0XYOEH

5 CARBON MONOXIOE

6 CARBON DIOXIDe.
? METHANE

HYDROOEN CHLORIOE

9 51LANE

|0 MONOCHLOROSILANE
I1 DICMLOROSILANE

12 TRICHLOROSILAN_

I3 SILICON TETRACHLORIOE

|w CHLORIN_

15 STEAM/WATER
I_ TOTAL MOLES

0.2670_[ 03
0.3h000E 03
0.t0000[ 0!
0.93h032-0;
0.33|_1E-01
0.572552 O0

0.32051E Ol

0,21_b72 01
0.ES_BBE 03
0.30_132 04

0.306782 02
0.0

I000 HT/YR COHHI'IICIAI,PLANT PIIYSICAI.

PROPI!R'PII!Sl:OllPROCI'SS STRI!AhIS(ISSIII!2)

?P6 ?27 230 231

0.267012 03 -0._570RE O? -0.7570_E 0_ -0.2570_E 02
0.36000F 03 0.35_002 03 0.3_SIOE 03 0.3_102 03
0.I0000E 01 0.0 0.0 0.10000E 0I
0,q3_0_E-01 0.103_E-0| 0,103q_E-0I 0,E_7?_E-01
0.3_I_IE-0| O._70bE*O? 0.qRB_F-0_ 0.4_5_E-0|
0._7255E 00 0.|I00_ 00 0.1106bE 00 0.902_52 00
0.320512 Ol 0.0 0.0 O.306qSE Ol
0,2|_%_E 0| -0_|70gqE 00 -0,|7093E 00 0.205_E 0_
0.2_gRRE 03 -0._gESbE 0_ -0._gbk3E 02 -O._B3hE 02
0,30RI3E 0* 0,I_0932 0_ 0,|_0932 0_ -0,_?003E O_
0,3067_E 02 OmE2396E O_ 0,2239bE 02 Q,_2396E O_
0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 O.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 O.0
0,0 0,0 0,0 0,0 - O,O

0,0 0,0 0,0 0.0 O,0
0,0 0.0 0,0 0,0 0*0
0,0 0,0 0,0 0,0 0,0

0.0 0,0 0,0 0,0 . 0.0
0.365682 O0 0.365722-0_ 0.118252 02 0.378_02 0_ 0.|17072 0_
0.183512 02 0.If1353E-0Z 0.0 0.0 _.0
0._3_b_E 02 0._366BE-02 0+0 0.0 0.0
0,318952 02 0.31RqHE-0E 0+0 0.0 0*0
0,397_0_ 00 0,3q?_E-0_ 0,0 0.0 0,0
0,0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0,9_6732 02 0._6R22-02 O.llB25E O_ O.37B_OE _2 0.11707_ 02"

STREA_ NUHBER 23_ 235

TEMPERATuRE_.0EG F, 0,_2600E 03 0,12600E 03

PRE_S_RE, PSIA 0,37_0E 03 0.25000E 02
LIQUT_ FRACTION 0,0 0*0

VISCOSITY, CENTIPOISE 0.1_786E-01 0.12_232-01
THER.CONO,, BTUIHR-FT-F-- 0.|3T6BE-0_ -0._25R2F-01
OENSITY_ LB-MOLE/FT_*3 0.b67502-0| 0._00_5E-02
SURFACE TENSIONt DYNES/CM 0°0 0.0
PRANBTL NUMHER 0°_85_E 00 0.633_E 00
OEW PT, / BUBBLE PT._F "0.|60_BE 02 "O,[_qOEE 03
ENTHALDY, RTU/LB-KOLE 0,2RSCBE O_ 0°3329tE 0_

SPECI_IC MEAT. BTU/LB-M0-F 0°99875E 0| 0°R6_352 01
FLOW o ENTHALPYt RTU/HR 0,0 0*0

COMPOSITIONe'LR-HOLEs/HR

_32 233

-0.P570BE 02 -O.PS?ORE 0_
0.36000F 03 0.37_I02 03

0,t0000E Ot 0,0
0,_6T?_E-0I 0.10560E-0|

0._h5222-01 0.I0)0IF-0!
0°90_352 00 0.1212PE 00
0.30507F 01 0.0
A.2056_E Ol -0,lbqBfE O0

-0,I_69BE 02 -0,I602RE 02
-0._2003F 0_ 0.1_093E 0_

0.223982 02 0._23g_E 02
0.0 0,0

| HYn_0GEN

NITROGEN _

3 ARGON

OXYGEN

fi CARBON MONOXID_

6 CARBON 010&IOE

7 METHANE

R MYDROGEN CHLORIOE

q SILANE

10 NONOCHLOROSILANE

11 01CHLOROSILANE

I_ TRICHLOROSILANF
I3 SILICON TETRACNLORIDE

I_ CHLORINE

15 STEAM/wATER
1_ TOTAL MOLE5

0.0 0.0

0,0 0.0
0.0 0.0
0,0 0,0
0,0 0,0
0,0 0,0
0,0 0,0

0,0 0.0
0.260152 02 0.1_82<+£ 0P
0.0 0.0
0.0 0.0

0°0 0.0
0.0 0.0
0°0 0.0
0.0 0.0
0.2_0156" 02 0.1182_E 0'2

23b 237 E3B

0.327512 03 0.15B00E 03 0._17_0_ 03
0.320002 03 0.RS000E 02 O*S_OOOE 02
O.IO000E 01 O,IO000E Ol O.IO000E Ol

0.99_8bE-0| O,_?qObE 00 Q._7OSE 00
0._25q_E-0| 0,_?Sb_E-01 0._353_E-0!
0.WSOB_E 00 -0,SB3qhE O0 g.W_H952 00
0,317212 Ol O,IIb06E O_ O,)I_I3E 02
O.|BTOSE OI 0,2707HE O1 0._7530E Ot

0.32753E 03 0._0173E 03 9,_t8702 03
0.531912 O_ -0.53b_02 03 O._?_0%E 0_
0._987E 02 0.3158hE 0_ 0.337332 0_
0.0 0,0 0.0

_39 2_0

0,_bT0lE 03 -0.2570_E 02
0,3b000E 03 0.35_10E 03
O.IO000E OI 0.0
O°9360_E-Ot O.I03_BE-O!
0,331R1_-01 0.gBTI?E-02
0.57_5_E 00 0.||013_ 00
0.32051E Ol 0.0
0.21_56E Ol -O.l?OqqE O0

0,259_8E 03 -0.19_3_E 02
0,30_132 0_ 0,1_093E 0_
0.3067BE O_ 0.223962 0_
0.0 0,0

0.0 0.0 0,0 0,0 Q,0
O.0 0,0 0,0 0°0 0,0
0,0 0,0 0,0 0,0 O.0
0.0 0.0 0,0 0.0 0.0
0.0 0.0 0.0 0,0 0.0

0,0 0,0 0,0 0,0 0.0
0.0 0.0 0.0 0.0 0,0
0.0 0.0 0.0 0.0 0.0
0.1X824E 0_ O*ll_E 02 0.0 0.0 0.0
0,0 0,0 O._66R2E-02 0,_6_q3E-05 0.0

0.0 0.0 O,?3_O_E 01 0.P3_0_E-02 0.)P0qqT-01
0.0 0,0 0.3_330F 03 0,3_.130E O0 O._OqF OI

0.0 0,0 0,0 0,0 O,O
0.0 0.0 0,0 0,0 O.O
0,1182_*E 02 0.II8?_F 0_ 0.35_062 03 " 0.3_0hE-00 0._0_362 Ol

0.0 0,0
0.0 0,0
0,0 0,0
0,0 0.0
0,0 0.0
0.0 0,0
0.0 0.0
0.0 0,0
0,_7_E O0 0,1I_E 00
O.lF3%3E 02 0.0
0,_3bhBF 02 O.O

0°31HqMF 02 0,0
0.3qTR_E O0 0.0
0.0 0,0
0.0 0.0
0.')_E 0_ 0.11_?_ 00

/.
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TABI,E F,-V'

(cmlt i rifted)
1000 brr/YR COblHI_I{(;IAI, PLANT PlIYSICA1,

I'ROPI!RTTI!S I:(]R PROCI!SS S'l'RliAbl,q (]S,qlll_ 2)

ql_F A 'W NU'_II[h'

TLePf_ATHR[ t DFC_ F,
PSq) S!.{)t4_" o PSI_

LlCat,ID ) ,,_^('TION
VI'_C{IslI_ . CENt IP01%E

THLfV.('OND. 0 HTLflM_J-VT-F

O[ N_II_', Lt,I-MOLEIF'T._e3

qtlRFACE TiNF. ION_ DYNES/Cq

PR t_N_IL N&I._HER

OFw OT. / tIUHHI.{_ PT..F

[NIHA[ P'It HTt,"LH-MOLE

S_rC1FI(" _"EAT. 8TtIILtI-MO-F

SLOW • FNIHALPY. BTUIHR

CO'dPO_ I l ION* LS"MOLESIHP

| HY{'_QO{'_EN

2 N I T NOL,|'N

.'IARGON

% CA_HON _ONOWIDE

h CARqON DIOXlf)F-
7 _ETHANF

P. HYDROGEN CHLORIDE

o _ILANF

I 0 NONOCHL OROS IL AN_
I1 t31C ut-0_Oq IL 4hF

l? T_'|CNt O_OC, ILANF
I_ SIt. ICON TETRACHLORIDF

14 CHLORINE"

1% S IF AMIWA'I'ER

16 TOTAL MOLES

?,7 _3 300 301 .... _01 ]07 30_

0._701E O] 0.Pt. t01F 0J 0.77000E 0P 0.1%_?Ii' 0_ 0.11P00F 0_ 0.?_000F 0_ 0.11P00F 0-

0.1lb000E 01 0.3b000f 03 0.?b0001 0,) 0.d0000t 0J 0,_0000_ 0? 0.P0000F 0,! 0.?0000F 0P

0,10000L 01 0,0 0,0 0,0 0,0 0,O 0,0
0.810b/t-01 0.1bq00F-01 0.I129_E-01 0.PJ0_hE-Ol O._7_7qF-Ol 0.30Wlqg-01 0.1@?hiE-01

0.57IO_E O0 0.6]Olbt-Ol O._3_Obt-O? O.QPISFE-03 O,ll7q_E-OP O.hOgOIF-03 O.IITg_E-Og
O._'_H_ Ol 0,0 0.0 0.0 0.0 O.O 0.0

O.Iq_'_E O| O,_bg_F O0 0.6bfi_3E O0 O,_I_E O0 O,18b_lt O0 0,7_7_F O0 0.6_50_F O0
O.JJS_IE O_ O.Pb_ASE 03 -0.1_q0_t 0] -0.?TdblE 01 -0.17_6|E 03 -0.65R3_F 03 -0._bg_qF 0_

0,|o0b?L. 0_ 0,10%_E 0_ 0,nb03kE Ol 0,728S_I! 0t 0,_6qSPF OI 0,798_3F 0l 0,71311E 0l
0.0 0.0 0.0 0.0 0.0 0,0 0,0

0,0

0,0
0,0
0,0
0,0
0,0
0.0
0,0
0.3h6(::.0E 01
0, _ ?v._.3E 0:_
0,73P3qE 0_
0..* .Iq_.3E 0_

0.0

0.0

O, 1t_837[ 03

0,0 0,0 0,P3531E 07 0,q60SqF-0! 0,0 0,0
0.0 0,0 0,0 O*0 0,0 0,0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 O.O Q.O 0.0 0.0
0.0 0,0 0.0 0.0 0,0 0,0
0.0 0,0 0,0 0,0 0,0 0o0
0.0 0.0 0.0 0.0 0.0 0.0
0,0 0,0 0,0 O,0 0,0 0,0
0.33003F Ol O.IIRP_E OZ 0.5_|_E-Ol 0.½q|?PE-O| 0.0 0.0
0.Pqln0_ 0_ 0.0 0.0 0.0 0.0 0,0
O.P_TLF O_ 0.0 0.0 0.0 0.0 0.0
Ooll_.q_ 0_ 0,0 0.0 0.0 0,0 0,0
O.IO_03E-OI 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 O.O O.O O.O 0.0
0.?3A_3F 0_ 0.llBtoE 0? 0.P3bq0[ 02 0._05PIF 00 0.0 0.0

".. 2"..

T[uPrqATiINE, DEG F.

P_'FgSU_F ",, PSIA

L 1,3tIID t-'ACtION
VI'.;CO_;ITY. CENTIPOISE •

T_tFR.¢ONO.. _TIIIHR-FT-F

OENqI TY, L B'MOL.EIFTe@.I
_,tn_"ACE TENSION. 13YNEC_/CM

PqAN{'ITL NU_.qI[- N

C}EW "}T, / FIUHRLE PT.tF
F'NT_A_ PY, t4Ttl/t_8-MO_E
<datC IF IL" t'_t AT . 8I'd/LB_MO-F
FLOW o INIHALPY. _ITU/MR

COWP,3c, I I"ION, LH'M{3L[S/HP

1 HYDQOL;_TN

? N IT.._O_3tN

_, O K_'C,FN

r_ CAI_IL)N MONOxIDF

t',CAeBON 01OXIDE

7 _F "(w4A'q_

_t _h['.vObt N CHL O_I{IE

_} qlt ANF
I 0 MtINOCHLONLIS IL ANt=

I I Dl('_q m_O_It. ANE

_., T i.' I rE% ORO'_. I L ANt
I _ '=,El ICON TL Th'ACut, ORIOE

I_* C_q c'.wI NF
|L. _II A_'q/WA'IE I_
1_', TOTAL MOLES

311 31/? :113

O.I_6_IF OW OolO'O00F 03 O.30000F 03
0._0000E 02 0.1T_00F 0_ 0._b000t 03

0.0 0.0 0.0
0.P_H33E-01 0.q@lOli-0d 0.IlqSOE-0l
O,_q%_lt 00 O.lOqghE O0 O.16_bE 00
O.qP[bTL-O._ O.P(,F_@t-O_ 0.6O275E-0|
0.0 0.0 0.0
0.67_q0E 00 0.7I_;IE 00 0.880HhE 00

-0._8_7E 03 -O._g__E 03 -0._%8_E 03
0.1_.l_St" O_ 0.3_0?bE 0_ 0._,?Ib_E 0_

0.?_lqqL 0| 0._qt0qE 0| 0.bqT0bt. 01

0.0 0.0 0.0

0._3qS_E 02 0.73_I 0P 0.?8_Tz+E 0_
0.0 0.0 0,0
0.0 0,0 0,0
0.0 0.0 0.0
0,0 0,0 0,0
0.0 0.0 0.0

0.0 0.0 0.0

0,0 0.0 0.0
0.0 0.0 0.0

o.n o.o o.o

0.0 0.0 0.0
O,0 0,0 0,0
0.0 0.0 0.0
0.0 0.0 0.0

0.O 0.0 0.0

31_ Pw00 _q01 _w01

O.77000E O# O,lO000E 03 O.IO000F 03 O.IO000E 03

0._0000E 0? 0,_0000E 0L 0,P0000E 0_ 0,?0000f O/

0.0 O.0 0.0 0.0

0.ql_[-0? 0.183_0E-01 0.18380E-0! 0.18380E-01
0.105tile 00 O.15g07g-0l 0,1_OTF-01 0.1bb07F-01
0.86b_2_-0_ 0.J3311E-0? 0.33311E-0_ 0.33311E-0_
0,0 0.0 0,0 0.0
0.72381E O0 0._67E 00 0.6qq67E 00 0.6_67E 00

-0._,83Ht - 03 -0.31_E 03 -0.31S5#F 03 -0.3I_E 01

0.3t,_IE O_ 0.387_1_ O_ 0.387_F O_ 0.187q_F O_
0._?t_L 0| 0,_8363E OL 0,&R363F 0_ 0o68381t. 0|

0.0 0,0 0.0 0.0

O._O8qlE OI O.O 0.0 0.0
0.0 O.17qqOF. OI 0._833E O0 O.SOOqOF Ol
0.0 0.0 0.0 0.0
0,0 Q.0 0.0 0.0
0,0 0.0 0.0 0.0
0.0 O*O 0.0 0.0

0.0 O.O 0.0 0.0
0.0 0.0 0.0 0.0
0,0 0,0 0,0 0,0
0.0 0.0 0.0 0.0
0.0 0.0 0,0 0.0
0.0 0.0 0.0 0,0
0.0 0.0 0.0 0.0
0,0 O,0 0.0 0,0
0.0 O.0 0.0 0.0

0.',0B'_II '01 O.)l'_'s0F 01 0.';q_l.t[ 00 0.',00q0t 01

E- 2,1



TABLE E-V:

(contlnued}

i000 _r/YR CO_IERC!AL PLANT PHYSICAL

PROPERTIES FOR PROCESS STRF,AMS (ISSUE 2)

STREA_ _UMB_R

TEmPERaTuRE, DIG F,
R_ESSURE, PS1A
LIOUIO F_ACTION
VISCOSITY* CENTIP0ISE
THER.COND.t RTU/HR-FT-F
OENSITY* LR-MOLE/FTee3
SURFACE TENSION, 0YNES/CM

PRANDTL NUMBER

DEW PT. / BUBBLE PT.*F

ENTHAEPY, BTU/LB-MOLE

SPFCIFIC HEAT, BTU/LB-M0-P

FLOW o ENTHALPY, BTU/HR

C0_ROSITION, LE-MOLES/HR

2_0_ 2600 7601 2_02 ?_0! 7502

-0,_596qE 03 -0,_59BgE 03 -0,_SgbgE 03 -0._SgBgE 03 "0*qS_6_E 03 -0.WSq69F 03

0,0 0,0 0,0 0.0 -- O,0 0,0
0.0 0.0 0.0 0,0 0.0 0,0
0,0 0,0 0,0 0,0 O,0 0,0
O* 0 r_ 0.0 0"0 0'0 0'0 0"0
0"0 0"0 0"0 0"0 O'O --" 0'0
0.0 0,0 0,0 0+0 O.O 0,0
O,O 0,0 0.0 0,0 0,0 0,0

ts0o

0,?500?E 02
0,|5000E 02
0,0
O,qlNePE-O?
0,10S3BE 00
0.2612_E-07
0,0
0,72516E'00

*0,_5969E 03 -0,45969E 03 -0,WS969E 03 -0,_5969E 03 -0.N5969E 03 -0,_5969E 03 -0,_5838E 03
0,0 0,0 0,0 0,0 0,0 0,0 0,36781E 04
0,0 0,0 0,0 0,0 O,0 0,0 0,69763E O1

0,0 0,0 0,0 0,0 O.O 0,0 0,0

HYDROGEN O,0 0,0 0.0 0,0 0,0 0,0 0,10000E 01
2 NITROGEN 0.0 0.0 0,0 0,0 g.0 0,0 0,0
3 ARGON 0,0 --- 0.0 0.0 0,0 O*O 0,0 0,0
40xYGE_ _.0 0.0 0,0 • 0,0 0.0 0,0 0,0
5 CARBON MONOXIDE 0,0 0.0 0,0 0,0 0.0 0,0 0,0
6 CARBON DIOXIDE 0,0 0,0 0,0 0,0 O.0 0+0 0.0
T METHANE 0,0 0,0 0,0 0,0 q,0 0+0 0,0
B HYOROGEN CHLORIDE 0*0 0*O 0.0 0.0 O*0 0,0 0,0

9 SILANE 0,0 0.0 0.0 -- 0,0 0.0 0,0 0,0
10 HONOCHLO_OSILANE 0,0 0,0 - 0,0 0,0 0,0 0,0 0,0

11 DICHLO_OSILANE 0,0 0.0 0,0 0,0.- 0,0 0,0 0,0
12 TRICHLOROSILANE 0,0 0,0 0,0 0,0 0.0 0,0 0,0
13 SILICON TETRACMLORIOE 0,0 0,0 0,0 0.0 O*0 0,0 0,0
|& CHLORINE 0,0_ 0*0 0.0 0.0. 0,0 0+0 0,0
|5 STEAM/WATER 0,0 0*0 0*0 0.0 0,0 0,0 0,0
16 TOTAL MOLES 0.0 0.0 0.0 0.0 Q.O 0.0 O.|O000E O_

STREAM NUMBER 1501

TEMRERAIURE, 060 F, 0.75002E. 02

PRESSI/QE, RSIA 0,IS000? 02
LIQUID FRACTION 0.0 .
VISCOSITx, CENTIPOISE 0,91782E-07
THER.CON0., BTU/HR-FT-F 0,105_8E O0
DENSITY, LR-HOLE/FT*O3 0*261ESE'02

SURFACE TENSION, DYNES/CN 0.0
RRANDTL NUMBER 0,72516E 00
DEW RT, / BUBBLE PT.*F -0,_5838E 03
ENTHALRY_ BTU/LB-MOLE 0,3_281E 0_
SPECIFIC MEATt BTUILB-MO*P 0+6gTb3E Ol

FLOW * ENTHALPT, BTU/HR O*0

................ COMPOSITION, LB-MOLES/HR

HYDROGEN 0,10000E 01

2 NITROGEN 0,0
3 ARGON 0.0

OXYGEN 0,0
5 CARBON MONOXIDE _ 0,0

CARBON DIOXIDE 0,0
? METHANE 0,0
B HYDROGEN cHLORIDE 0,0 "_

9 SILANE 0,0
lO MONOCHLOROSILANE 0,0
II OICWLORO_ILANE 0,0
12 TRICMLDROSILAN_ 0,0
I'3 SILICOn TETRACMLORIDE 0,0

14 CHLORINE 0.0 "
IS STEAM/WATER. O,O
|6 TOTAL MOLES O.|O000E O|

/
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